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ABSTRACT
We have analyzed 15-19 yr of photoelectric photometry, obtained manually and with automated telescopes,
of the chromospherically active binaries X And, a Gem, II Peg, and V711 Tau. These observations let us identify
individual dark starspots on the stellar surfaces from periodic dimming of the starlight, follow the evolution of
these spots, and search for long-term cyclic changes in the properties of these starspots that might reveal magnetic
cycles analogous to the Sun’s 11 yr sunspot cycle.
We developed a computer code to fit a simple two-spot model to our observed light curves that allows us to
extract the most easily determinable and most reliable spot parameters from the light curves, i.e., spot longitudes
and radii. We then used these measured properties to identify individual spots and to chart their life histories by
constructing migration and amplitude curves. We identified and followed 11 spots in X And, 16 in o- Gem, 12 in
II Peg, and 15 in V711 Tau. Lifetimes of individual spots ranged from a few months to longer than 6 yr. Differential rotation coefficients, estimated from the observed range of spot rotation periods for each star and defined
by equation ( 2 ), were 0.04 for X And, 0.038 for a Gem, 0.005 for II Peg, and 0.006 for V711 Tau, versus 0.19 for
the Sun.
We searched for cyclic changes in mean brightness, B — V color index, and spot rotation period as evidence for
long-term cycles. Of these, long-term variability in mean brightness appears to offer the best evidence for such
cycles in these four stars. Cycles of 11.1 yr for X And, 8.5 yr for <r Gem, 11 yr for II Peg, and 16 yr for V711 Tau
are implied by these mean brightness changes. Cyclic changes in spot rotation period were found in X And and
possibly II Peg. Errors inB — V were too large for any long-term changes to be detectable.
We discuss the results of our analyses of these four binary systems in the context of what we now know about
chromospherically active stars in general. We argue that the cool, magnetic spot model continues to offer the best
explanation for the observed properties of these stars. We show that the Rossby numbers of our four stars successfully predict their enhanced starspot activity and that the differential rotation coefficients determined for these
stars are consistent with a trend toward solid-body rotation in rapid rotators. We show that the results for our four
stars are consistent with the picture that starspot lifetimes are roughly predictable from their sizes and that the
largest spots have lifetimes limited by the shear forces of differential rotation. We review the evidence for rigid
structure in surface activity as implied by active quadrants and preferred longitudes for starspot formation. Finally, we find increasing evidence for long-term cycles, possibly magnetic, in a growing number of chromospherically active stars, primarily from long-term changes in mean brightness, but also from latitude drift and orbital
period changes.
Subject headings: binaries: close — stars: activity — stars: chromospheres — stars: magnetic fields —
stars: rotation
1. INTRODUCTION
How well does the magnetic activity of chromospherically
active stars correspond to solar activity? Do these stars have
anything analogous to the activity cycles of the Sun? Do their
dark spots behave like sunspots?
The existence of dark starspots is now firmly established in a
wide variety of cool stars ( Hall 1991a). These spots cause periodic dimming of the star’s light as it rotates ( Chugainov 1971),
and their modification of rotational Doppler profiles in highdispersion spectra has been used to estimate sizes and positions
of spots on stars (Vogt & Penrod 1983). Actual eclipses of

spots observed in some binary systems (Eaton 1992) have
given a direct measure of their surface brightness. Their feeble
light has been detected spectroscopically in molecular lines
(Ramsey & Nations 1980), which provides a measurement of
temperature in the radiating parts of spots.
If the dark spots in these stars are anything like sunspots,
they should have lifetimes that depend on their sizes, should
track the differential rotation of the star, and might possibly
show cyclic changes of stellar latitude and fraction of the star’s
surface covered. The easiest way of finding out whether
starspots have these solar qualities is to monitor the brightness
of a chromospherically active star for many spot lifetimes. Ex-
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amples of long-term photometric studies have been given by
Strassmeier et al. ( 1989), Jetsu et al. ( 1990), and Rodonô &
Cutispoto ( 1992). We have now observed a group of about
three dozen RS CVn stars photometrically for 15 yr or more,
first with manual photometry ( e.g., Bartolini et al. 1983), then
by using automatic photoelectric telescopes (APTs) (e.g.,
Strassmeier et al. 1989). The automatic telescopes include the
0.25 m Phoenix-10 (Boyd, Genet, & Hall 1984) and the 0.4 m
Vanderbilt/Tennessee State automatic telescope (Hall 1989;
Henry, Nagarajan, & Busby 1991 ). Discussions of the photometric precision of these telescopes can be found in Young et
al. ( 1991 ), Hall & Henry (1993), and Henry & Hall (1994).
Because photometric monitoring is cheap and relatively easy
to do, it is a most effective way to follow the evolution of
starspots in chromospherically active stars. The result of these
photometric observations is an extensive record of the star’s
light, punctuated by seasonal gaps, which shows the coming
and going of spots and the rearrangement of spots on the star’s
surface ( e.g., Figs. 2,7,13, and 18). The light variation consists
of a dimming of up to several tenths of a magnitude during a
rotation period, as the spots cross the star’s disk, accompanied
by long-term cycles from changes in spots’ sizes and locations
and possibly also from changes in the local effective temperature of the photosphere.
In this paper we apply a simplified two-spot model to extensive long-term photometry of four well-known chromospherically active binary systems, X And, a Gem, II Peg, and V711
Tau, to chart the evolution of their spots. In § 2, we discuss
our approach to analyzing the photometry, describe the model
used, and explain how spot properties may be determined with
it. We then apply this technique to the four stars in §§ 3-6.
Finally, we discuss the results in § 7, thereby summarizing our
current knowledge of differential rotation, starspot lifetimes,
active longitudes, and magnetic cycles in chromospherically
active stars.
2. A SIMPLIFIED SPOT MODEL
Long-term photometric data sets let us derive a fairly detailed picture of spot evolution if we make a few simplifying
assumptions. Specifically, we shall assume that, like spots on
the Sun, a spot on one of these chromospherically active stars
erupts at some latitude and stays there for the duration of its
lifetime (Zirin 1988). The star’s differential rotation would
make the spot reappear each rotational cycle progressively earlier or later than expected from the star’s mean rotation. Thus
the rotational phase at which a spot has its greatest visibility
would decrease or increase with time, and the dimming by the
spot would thus migrate through the light curve. If we choose
a period, generally a mean rotational period for a single star or
the orbital period for a close binary system, and measure the
phases of all spots with respect to it, this slow, linear migration
of the spot phase can be used to isolate individual spots and to
track them over the years. An example of this is shown in Figure 4, where the trends of phases of 11 spots have been fitted
with line segments. Furthermore, if the amount of light
blocked by such a spot varies smoothly with time, first increasing to a maximum and then decreasing to near zero as the spot
disappears from the migration curve, or jumps in phase, we
have every reason to conclude that a single spot has been ob-
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served going through its life cycle. Thus, the three criteria we
apply in making a judgement concerning the identity of a given
spot are ( 1 ) continuity of phase in the migration curve, (2)
linearity of slope (i.e., constancy of rotation period) in the migration curve, and (3) smoothness of evolution of the spot’s
amplitude. An additional implicit assumption we make is that
the “best” interpretation of the migration curve is the one
which finds the smallest number of spots. The other extreme
(the assumption that every single point in a migration curve is a
new, different spot) is a triviality that surely cannot be right. The
validity of these assumptions may be judged roughly by inspection of Figures 4 and 5,9 and 10, 15 and 16, and 20 and 21.
Inasmuch as latitudes of spots are very difficult to determine
from photometry, especially for stars with poorly known inclinations, we have decided to use a model designed specifically
to extract the most precisely determinable information as easily as possible while ignoring the latitude (Hall, Henry, & Sowell 1990b). A spot is taken to culminate at phase 0Spot. The
light loss from this spot is symmetric about 0Spot, and we assume it has the particularly simple form of the lower dip of a
cosine curve within ±0.25 phase units of 0Spot; beyond that, we
assume the spot is out of sight and causes no loss of light. The
spot has an amplitude ^4Spot> which is just the amount of dimming it gives at phase 0spot. For two spots, we simply add their
effects together to give the light at phase 0:
racaic = m0 + yf! cos (6 - di) + A2 cos (0 - 02),

(1)

where m0 is the magnitude of a hemisphere on which neither
spot 1 nor spot 2 appears, and the cosine terms are understood
to apply only within 0.25 phase units of 0/. We do not choose
m0 to coincide with the maximum brightness level ever observed in a given star or some other level brighter than the local
light-curve maximum because it is very difficult if not impossible to specify the magnitude of the truly unspotted hemisphere.
The effects of many factors such as circumpolar spots, spots
uniformly distributed in longitude, and changes in unspotted
photospheric surface brightness over the course of decade-long
magnetic cycles act together to determine the true, possibly
variable, unspotted level. The use of an erroneous value of mo
for the unspotted magnitude in all light-curve solutions would
lead to erroneously estimated spot sizes. Choosing m0 to correspond to the local brightness maximum, as we have done, guarantees that the amplitudes A Y and ^42 provide a correct measure
of the minimum spot sizes. Possible complicating effects such
as polar spots, spots uniformly distributed in longitude, and
changing photospheric surface brightness do not produce a rotational signature in the light curve, so we can say nothing
about them in our two-spot analyses.
Since the light-curve shape of a chromospherically active binary changes with time, in a way that cannot be known at the
outset, our long-term observations of each binary must be divided into many different data sets, each to be analyzed separately with the two-spot model in order to follow the evolution
of the spots. To minimize changes in the light-curve shape
within a given data set and to maximize the time resolution of
spot evolution, the length of each data set must be kept as short
as possible while still containing enough data to define each
light curve adequately. The density of our data is such that,
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fortunately, only one or two rotation cycles are usually required to define the phase curve at each epoch, at least for the
longer period stars. Subdividing the data into too many data
sets should never be a problem. If two or three or more adjacent
data sets show the same parameters (and hence indicate that
the spot or spots did not evolve or disappear during that time ),
that is good and strengthens the interpretation. The problem
will always be too few data sets. If a spot disappears or another
spot comes into existence in the midst of one longer data set,
then potential information inherent in the data will be lost. In
some cases, we had to let data sets overlap slightly to get sufficient phase coverage in each one, but this was infrequent.
Our model does have several features that cannot strictly be
physically correct. In reality, light losses from spots are in flux
units, not in magnitudes as we are assuming. However, the
difference is insignificant for the amplitudes typical of these
stars, and working in magnitudes greatly simplifies the calculations. More troubling is the assumed cosine dependence of the
light loss. The actual phase dependence approaches this simple
ideal only for a small spot crossing the center of the disk of a
star inclined 90° to the line of sight without any limb darkening. Other situations are more complicated. We can see some
examples of this in Figure 1, which plots spots of 25° radius
crossing the center of the disk of stars with various inclinations.
The latitude is the complement of the inclination, so we have
here one measure of the effect of spot latitude on rotational
light curves. Even though the latitude (and the spot’s radius)
cannot be determined reliably, we can determine the longitudes of individual spots in a light curve very accurately and
can estimate the amplitude of dimming by each spot moderately well.
This double-dip spot model has been applied previously to
several stars. For example, Hall et al. ( 1990b) identified seven
spots in V478 Lyr, Hall et al. (1990a) identified four spots in
VI817 Cyg, Hall et al. (1991a) found six spots in VI149 Ori,
Hall & Henry ( 1992) found eight spots in HD 191011, Fekel
et al. ( 1993 ) found four spots in HD 212280, Hall et al. ( 1994 )

Fig. 1.—Light curves for a single spot crossing the disk center. The
solid curve is the cos 6 dependence used to approximate the effect of a
spot. Discrete symbols represent the light lost to a spot with 25° radius that
crosses the center of the disk. Spot latitude, ß, is chosen so that i + ß = 90°.
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found nine spots in BM Cam, and Crews et al. ( 1994) found
10 spots in V350 Lac.
After the migration and amplitude curves, like Figures 4 and
5, have been used to identify individual spots and estimate
their lifetimes, slopes of lines in the migration diagram will determine the spots’ rotational periods. We are assuming the
differences among these periods are the effect of differential rotation on spots occurring over a range of stellar latitude. There
is little doubt that differential rotation of some sort must be
occurring in these and other cool stars, a result of the interaction of convection and rotation. The functional form of differential rotation has not been measured for any star but the Sun,
so we cannot directly relate rotational period to latitude. No
one knows whether differential rotation in these chromospherically active stars has the same form as in the Sun, and indeed
there is some evidence it may be different. Vogt & Hatzes
(1991) have found spots near the pole of UX Ari rotating
faster than those at lower latitude, for example. Nevertheless,
to investigate differential rotation further, as has been done for
over 80 cool stars by Hall & Henry (1990) and Hall (1991a),
it is useful to assume the same dependence of rotational period
on latitude as in the Sun,
P<t>

=

^eq/( 1

—

k sin2</>).

(2)

This lets us measure in a wide range of stars a single parameter
k characterizing the differential rotation, at least its magnitude
if not its form. Eventually it may be possible to determine latitudes for individual spots by combining the right amount of
photometry, or by using Doppler profiles in combination with
photometry (Noah, Bopp, & Fekel 1987), but that is beyond
the scope of our study. We may also be able to restrict the functional form of differential rotation by comparing stars with
large and small inclinations, using spot amplitudes to guess
which spots are close to the center of the disk in each case.
In applying the two-spot model, we have adapted it to run
on a computer workstation. The data are first divided into separate light curves, following the precepts outlined above, by
plotting strings of data on the screen and setting a cursor to
beginning and ending Julian dates for a given light curve. Any
data obviously spurious are discarded. We then use a second
program to fit the model to the individual light curves. The
data are plotted against phase. The cursor is used to set the
maximum light level, m0, and the phases and amplitudes of up
to two spots. The program then divides a range of values for
each parameter into seven steps and calculates x2 for each one,
with the ranges of m0 and spot amplitudes set with the cursor.
The resulting matrix is searched for the minimum of x2, and
values of the parameters for that point are then refined by a
least-squares adjustment. This gives errors of the fit and of the
parameters, which we have used in further analysis. We tested
the two-spot model for repeatability and found the model to be
quite successful in finding a single solution to any given light
curve, even when different operators began the search with
slightly different values for the maximum light level and phases
and amplitudes of the spots.
The information given in the following four sections about
individual stars is all organized in a similar manner. Tables 1,
4, 7, and 10 give sources of the photometry used. They give

© American Astronomical Society • Provided by the NASA Astrophysics Data System

19 95ApJS. . .97. .513H

516

HENRY ET AL.

the range of dates over which data were collected for each set
identified, the number of V and B data included, and the
source of the data. Tables 2, 5, 8, and 11 give results of fitting
the various V-band light curves. They have the following arrangement by columns: ( 1 ) an identifying number for the light
curve, (2) the mean date (epoch) of the light curve, (3) the
number of Vdata included in the light curve, (4) the date each
of the spots detected was centered on the disk, corresponding
to 0, in equation ( 1 ), ( 5 ) the amplitude of each spot, Ai in
equation ( 1 ), (6) a letter identifying each spot with a line segment in the migration curve, (7) the unspotted magnitude, mo
in equation ( 1 ), (8) the mean magnitude of the star at that
epoch, and (9) the standard deviation of the data about the
fitted light curve. Because the B data were considerably less
numerous and, when present, gave two-spot solutions essentially identical to the V data, we do not present results of any B
light curve solutions. Tables 3,6,9, and 12 then give properties
of the individual spots identified in the migration and amplitude curves. They are arranged thus by columns: ( 1 ) a letter
designation of each spot (the same as in col. [6] of the previous
table), (2) the rotational period of the spot, determined from
the slope of the line segment in the migration curve, (3) the
difference between this spot’s rotational period and a mean rotational period of the star, divided by the star’s period, (4) the
maximum photometric amplitude achieved by the spot, (5)
the radius of the spot on the star, derived from the maximum
amplitude through the equations of Hall & Busby ( 1990), and
(6) the lifetime of the spot r(obsv), estimated from how long
the spot appears in the migration diagram.
Once individual spots are identified in the migration curves,
their periods can be determined by fitting a line segment to the
points for each spot in the migration curve. The differential
rotation constant k in equation (2), then, will depend on the
range of periods measured as
(^max - Pmin)/Pavg = kf,

(3)

where Pmax, Pmin, and Pavg are the largest, smallest, and mean
periods, respectively, and /is a distribution function that relates the fraction of the total range in rotational period sampled
to the number of spots measured. This function/, which ranges
from 0.5 for two spots to greater than 0.9 for more than six
spots, has been tabulated by Hall & Henry ( 1994a).
We have analyzed long-term variations in mean V magnitudes for the four stars derived from our two-spot model with
simple periodogram techniques and report the results in the
following sections. In addition, we searched all available B —
V data for long-term color variations. However, the relative
scarcity of the B — V data, systematic differences in colors reported by various observers, and the generally smaller amplitude of the variations made it difficult to identify real changes
in B — V, so we say nothing further about these data in this
paper.
3. X AND
X And is one of the brightest (V = 3.82, B - V= 1.01 ) of all
known chromospherically active binaries listed in the second
edition of the Catalogue of Chromospherically Active Binary
Stars (CCABS; Strassmeier et al. 1993). It is an SB1 system
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with a spectral classification of G8 III-IV and strong Ca n H
and K emission (Gratton 1950). Although the orbital inchnation is unknown, the narrow width of the spectral lines and the
low value of the mass function suggest that X And is viewed
from high above the orbital plane. This led Bopp & Noah
( 1980b), Dorren & Guinan ( 1984), and Poe & Eaton ( 1985)
to adopt z between 25° and 30° for their spot models. Donati,
Henry, & Hall ( 1994) have more recently used maximum entropy images to estimate an inclination near 60° (45° < i <
90°). This value combines with their estimate of i; sin z = 6.5 ±
0.3 km s_1 to give a radius of 7.5 ± 1.0 solar radii, which we
use to calculate predicted spot lifetimes in § 7.4.
The earliest observations to demonstrate the light variability
of X And were obtained by Calder (1938) between 1933 and
1937. In fact, Calder’s observations are some of the earliest ever
made of true starspot activity on any star and the first to be
made photoelectrically (Hall 1993). The large discrepancy between the 54.05 day photometric (rotation) period and the
star’s 20.5 day orbital period is unusual for chromospherically
active binaries. Regular photometric monitoring of X And began with the 1976-1977 observations of Landis et al. ( 1978).
Those observations revealed an amplitude of 0.25 mag in V
on the 54.2 day photometric period. Good photoelectric light
curves of X And in the Johnson system have been obtained
every year since 1976 by various observers and automatic telescopes, and papers by Bopp & Noah (1980b), Boyd et al.
( 1983), Scaltriti et al. ( 1984), Dorren & Guinan ( 1984), Poe
& Eaton ( 1985 ), and Hall et al. ( 199 lb) have presented results
from some of this photometry. These studies have demonstrated that ( 1 ) the asymmetric shape of the light curve requires two spots at different longitudes, (2) secondary minima
appear in the light curve at certain epochs, (3) the spots are
800-1050 K cooler than the surrounding photosphere, (4) the
photometric period is somewhat variable, probably due to
difierential rotation and the latitude range of the spots, and ( 5 )
there is a long-term cycle in mean brightness with a period of
~ 11 yr.
Donati et al. ( 1994) used a maximum entropy image reconstruction algorithm to obtain the photospheric spot distributions from the last two epochs of the photometric B and V APT
data presented in this paper. The two spots revealed in their
images had temperatures of 4000 ± 300 K, while the photospheric temperature was determined to be 4800 ± 50 K. They
also calculated that the strong global magnetic fields recently
detected in RS CVn systems could provide strong enough magnetic braking to account for the observed nonsynchronization
of X And’s rotation.
3.1. Observations
Table 1 lists the sources of photometry of X And used in our
analysis. Each observation, made differentially with respect to
the comparison star 'P And (L = 4.95, B — V = 1.11 ), is the
mean of (usually) three measures taken sequentially and has
been corrected for extinction and transformed to the Johnson
system. The total number of Vdata points is 1465. This is 22
points fewer than the total number of observations referenced
in Table 1 since the 17 points in IAU file No. 121 are also
included in IAU file No. 109, and five observations are common to IAU file Nos. 142 and 237. The APTs have now pro-

© American Astronomical Society • Provided by the NASA Astrophysics Data System

19 95ApJS. . .97. .513H

No. 2, 1995

STARSPOTS IN X AND, cr GEM, II PEG, AND V711 TAU

517

TABLE 1
Sources of Photometry for X And
JD Range
(2,440,000+)
3,027-3,172
3,332-4,641
4,528-4,547
4,868-5,372
5,022-8,246
5,627-7,159
5,957-5,973
7,115-8,437

No. of V

No. of £

Source

81
265
17
63
429
294
9
329

...
22
...
...
...
116
9
321

Landis et al. 1978
Boyd et al. 1983; IAU file No. 109
IAU file No. 121
Scaltriti et al. 1984; IAU file No. 142
Hall et al. 1991b; IAU file No. 237
Boyd et al. 1990; 0.25 m APT
IAU file No. 147
This paper; 0.4 m APT

vided a total of 623 observations over 9 yr. All 16 seasons of V
data are plotted against Julian Date in Figure 2, which covers a
span of 5500 days. The check star k And (F= 4.14, i? - V =
-0.08) was observed each night by the 0.4 m APT. The standard deviation of the nightly differential measures between the
comparison and check stars from the seasonal means averaged
0.012 mag over the five seasons of data from the 0.4 m APT.
3.2. Light-Curve Fitting and Spot Evolution
The times of observation for the V data were converted into
phases with the photometric ephemeris
JDmin = 2,443,829.2 + 53.95E’

(4)

from Boyd et al. ( 1983 ). Those observations were then divided
into 31 data sets and analyzed separately to find the best twospot fits. The parameters resulting from the 31 spot fits are pre-

sented in Table 2. The average error of all the times of minimum light in column ( 4 ) is 0.72 days or 0.013 phase units. The
maximum and mean magnitudes have been converted from
differential magnitudes to apparent magnitudes with V = 4.95
for the comparison star. The rms deviations ranged from 0.007
to 0.033 mag with a mean of 0.015 mag, compared to the 0.012
mag deviation of the check star data. Because the light curve of
X And is continually changing, the slightly larger rms deviations of the spot fits are probably due to changes in the shape
of the light curve on the timescale of the rotation period, so the
two-spot model fits the data to a precision comparable to that
of the data itself. All 31 data sets, with the single exception of
data set 22, required two spots to reproduce the light curve to
this precision. Figure 3 shows, as an example, the resulting twospot fit for data set 2.
The migration and amplitude curves for X And are given in
Figures 4 and 5. Eleven separate spots (A through K) can be

Fig. 2.—1976-1991 Flight curve of X And from the data sources listed in Table 1. Each point is the mean of (usually) three differential observations in
the sense of X And minus 4' And. While the 54 day rotation period is difficult to see at this scale, the changing amplitude of the spot wave and the long-term
variations in mean magnitude are readily apparent.
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TABLE 2
Parameters of the Two-Spot Fits for X And
Data Set

Mean
Epoch

n

1

1976.76

54

2

1976.96

37

3

1977.67

26

4

1977.98

20

5,

1978.68

18

6.

1978.94

20

7.

1979.66

40

8.

1979.93

58

9.

1980.66

34

10 .

1980.97

60

11 .

1981.94

40

12 .

1982.63

67

13 .

1982.99

88

14 .

1983.68

95

15 .

1983.88

132

16 .

1984.02

90

17 .

1984.63

73

18 .

1984.97

65

19 .

1985.51

34

20 .

1985.67

42

21 .

1985.91

63

22 .

1986.75

28

23 .

1987.84

36

24 .

1987.99

29

25 .

1988.79

81

26 .

1988.98

39

27 .

1989.72

63

28 .

1989.97

53

29 .

1990.83

66

30 .

1990.97

36

31 .

1991.43

32

JDmin
(2,440,000+)

Amplitude
(mag)

Spot

3.023.1 +0.4
3.067.7 ± 0.4
3.077.8 + 0.4
3,124.1+0.3
3.346.5 + 0.5
3.383.8 + 0.5
3.508.6 + 0.3
3.495.8 + 0.5
3.775.1 +0.5
3,733.4+ 1.1
3.880.6 + 0.4
3.839.5 + 0.8
4.096.1 +0.8
4.105.2 + 0.9
4.204.3 ± 0.5
4,161.5+1.0
4,472.2 ± 0.3
4.446.4 ± 0.6
4.580.1 +0.3
4.555.7 + 0.5
4.897.2 + 0.6
4,904.9+ 1.5
5.220.4 ± 0.5
5.180.2 + 0.4
5.329.0 + 0.4
5.289.8 + 0.3
5.594.6 + 0.8
5.617.0 + 0.4
5.649.9 ± 0.4
5.670.0 + 0.3
5.703.5 + 0.8
5.725.3 + 0.5
5.923.6 + 0.4
5.902.2 + 0.8
6.090.5 ± 0.5
6.070.9 ± 0.5
6.256.2 + 5.6
6.234.9 + 0.6
6.315.6 + 0.5
6.291.6 + 0.3
6.367.1 ± 1.2
6.399.3 + 0.8

0.147 + 0.010
0.144 + 0.010
0.081 +0.007
0.130 + 0.007
0.145+0.011
0.115+0.006
0.187 + 0.011
0.130 + 0.010
0.223 + 0.012
0.089 + 0.013
0.214 + 0.011
0.136 + 0.017
0.135 + 0.017
0.111 ±0.017
0.158 + 0.015
0.087 + 0.013
0.156 + 0.013
0.086 + 0.010
0.171+0.009
0.093 ± 0.007
0.135 + 0.021
0.069 ± 0.020
0.103 + 0.007
0.127 + 0.007
0.066 ± 0.005
0.091+0.005
0.032 ± 0.006
0.071 +0.005
0.036 ± 0.003
0.058 ± 0.003
0.041 ±0.004
0.045 ± 0.003
0.060 ± 0.006
0.033 ± 0.006
0.081 +0.007
0.089 ± 0.007
0.006 + 0.013
0.066 ± 0.008
0.046 ± 0.005
0.076 ± 0.005
0.058 + 0.010
0.077 + 0.010

A
B
A
B
A
B
A
B
A
C
A
C
A
C
A
C
A
D
A
D
A
E
A
E
A
E
F
E
F
E
F
E
F
G
F
G
F
G
F
G
F
G

6.723.5 + 2.5
7.097.3 ± 0.8
7.120.0 + 0.8
7.149.8 + 3.2
7.170.1 ± 1.5
7.416.6 + 0.2
7.440.6 ± 0.2
7.524.5 + 0.6
7.547.9 + 0.3
7,796.0 + 0.3
7.812.7 + 0.6
7.850.6 + 0.3
7.866.8 + 0.8
8,180.5 + 0.4
8,195.5+0.6
8.234.4 + 0.3
8.249.2 ± 0.6
8.394.2 + 0.3
8.411.8 + 0.5

0.042 + 0.017
0.089 + 0.015
0.081 ±0.010
0.059 + 0.021
0.096 + 0.017
0.077 ± 0.006
0.101 ±0.006
0.065 ± 0.007
0.101 ±0.006
0.137 + 0.005
0.080 ± 0.006
0.120 + 0.005
0.071+0.005
0.209 ± 0.008
0.094 ± 0.009
0.203 ± 0.006
0.082 ± 0.008
0.189 + 0.008
0.110 + 0.008

G
I
H
I
H
I
H
I
H
J
H
J
H
J
K
J
K
J
K
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Maximum
(mag)

Mean
(mag)

rms
(mag)

3.718 + 0.004

3.810

0.016

3.738 ± 0.002

3.804

0.007

3.768 ± 0.005

3.850

0.012

3.756 ± 0.006

3.856

0.011

3.766 + 0.007

3.864

0.012

3.741 +0.006

3.851

0.015

3.780 ± 0.006

3.857

0.018

3.788 + 0.007

3.856

0.023

3.791 +0.007

3.867

0.016

3.797 ± 0.005

3.880

0.018

3.810 + 0.003

3.874

0.015

3.746 ± 0.003

3.818

0.017

3.762 ± 0.004

3.811

0.011

3.780 ± 0.003

3.813

0.014

3.781 +0.002

3.810

0.010

3.778 ± 0.003

3.804

0.010

3.795+0.004

3.824

0.013

3.741 +0.004

3.794

0.016

3.743 + 0.006

3.765

0.015

3.718 + 0.003

3.756

0.009

3.712 + 0.006

3.754

0.024

3.782 ± 0.008

3.794

0.033

3.773 + 0.007

3.826

0.019

3.783 + 0.010

3.831

0.030

3.798 + 0.004

3.853

0.010

3.790 ± 0.004

3.842

0.011

3.766 ± 0.003

3.834

0.013

3.781+0.004

3.841

0.011

3.768 ± 0.006

3.863

0.021

3.769 ± 0.004

3.859

0.013

3.771 ±0.004

3.865

0.014
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Fig. 3.—Two-spot fit for X And data set 2. Here, spot A is located at
phase 0.07 and has an amplitude of 0.08 mag. Spot B is located at phase
0.93 with an amplitude of 0.13 mag.

identified in Figure 4 on the basis of their migration rates. The
standard deviation of a single point on the migration curve
from its straight line segment averaged 0.031 phase units for
the 11 spots compared to the average error of 0.013 phase units
of all times of spot minimum from the 31 two-spot fits.
A few points in Figure 4 cannot be uniquely assigned to a
particular spot. For example, the first three points assigned to
spot F also fit the migration trend of spot A. In cases like this,
the amplitude curve plotted in Figure 5 can sometimes help to

519

resolve the ambiguity. In this figure, all spot amplitudes from
Table 2 have been plotted against Julian Date to provide a record of spot size over time. The first three points of spot F were
so assigned because their amplitudes are seen to be slightly increasing rather than decreasing as would be expected if they
represented the final vestiges of spot A. These minor ambiguities, however, do not significantly affect our picture of spot
evolution on X And.
The various slopes evident in the migration curve imply that
spots can exist over a range of latitudes on X And. In addition,
since all spots maintain a constant rotation period throughout
their lifetimes, they apparently remain at the latitude where
they were formed, although their sizes usually evolve with
time. Figure 4 also shows that the decay of any spot (whether
it be of long or short duration ) is always followed shortly by the
emergence of a new spot at a different latitude (as seen by the
different slope of the new line segment) and often at a different
longitude (as seen by the sudden phase shifts in some of the
spot minima at the beginning of a new spot), so that two spots
are nearly always present on X And. The changing asymmetry
of the light curve during the years 1976 through 1979 and the
unexpected appearance of a shallow secondary minimum in
1980 that were reported by Boyd et al. ( 1983) can now be understood as the combined effects of the long-lived spot A and
the succession of short-lived spots B, C, and D. Spots B and C
were never more than 0.2 phase units from the larger spot A
and so combined with spot A to produce an asymmetric light
curve. When spot D appeared in 1980, however, its location
0.5 phase units from spot A resulted in the shallow secondary
minimum observed in that year. The two spots modeled by
Donati et al. ( 1994 ) were our spots J and K.

Fig. 4.—Spot migration curve identifying 11 separate spots that existed on X And between 1976 and 1991, plotted from the data in Table 2. The various
slopes of the line segments reveal the rotation periods of the spots and the differential rotation of X And. The lengths of the line segments in time correspond
to the lifetimes of the spots. A few points are plotted with a full cycle added or subtracted to illustrate spots that migrate to phases above 1.0 or below 0.0.
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JULIAN DATE (2,440,000 + ...)
Fig. 5.—Spot amplitude in V vs. time on X And for the spots identified in Table 2. Spots A and B existed prior to the beginning of our observations.
Maximum spot amplitudes varied from 0.08 to 0.22 mag in V. Spots J and K were still in existence at the end of our observations.

3.3. Spot Properties
The properties derived for the individual spots identified in
Figures 4 and 5 are given in Table 3. Spots with positive or
negative slopes in the migration curve have rotation periods
longer or shorter, respectively, than the preliminary 53.95 day
period. Rotational periods of the spots range from 53.1 ± 0.5
days for spot B to 55.3 ± 0.1 days for spot F, with average rotation period Pavg = 54.07 days. Thus they are 1.79% ± 0.92%
shorter than jPavg to 2.27% ± 0.18% longer, for a total range in
AP/F of 4.06% ± 0.9%. For our sample of 11 spots, factor /in
equation (3) becomes 0.966, and therefore k = 0.04 ±0.01.
From their spot models, Donati et al. ( 1994) estimated spot J,

with a period determined here of 54.5 days, and spot K, with a
period of 54.1 days, to be at high and low latitudes, respectively. This would imply differential rotation in the same sense
as in the Sun, i.e., slower rotation at higher latitudes.
The radii of the spots on X And at maximum size, derived
from the observed amplitudes, ranged from approximately 15°
to 25°. Estimated lifetimes of the spots ranged from as short as
7 months to greater than 6.5 yr. Spots A and B were already in
existence when the 1976 observations of Landis et al. (1978)
began, and so only their minimum lifetimes can be assigned.
Similarly, minimum lifetimes are given for spots J and K that
were still in existence at the end of our data set. For spots C
through I, each lower limit refers to the length of the line seg-

TABLE 3
Starspot Properties for X And
Spot
A.
B.
C.
D.
E .
F .
G.
H.
I ..
J ..
K.

Period
(days)

AP/P

Maximum Amplitude
(mag)

Radius

r(obsv)
(yr)

53.57 ±0.03
53.1 ±0.5
53.4 ±0.2
54.6 ±0.6
54.70 ± 0.09
55.3 ±0.1
54.7 ±0.2
53.4 ±0.1
53.39 ±0.09
54.5 ±0.2
54.1 ±0.1

-0.92% ± 0.06%
-1.79 ±0.92
-1.24 ±0.37
+0.98 ± 1.11
+ 1.17 ±0.17
+2.27 ±0.18
+ 1.17 ±0.37
-1.24 ±0.18
-1.26 ±0.17
+0.80 ±0.37
+0.06 ±0.18

0.223 : 0.012
0.144: 0.010
0.136 = 0.017
0.093 : : 0.007
0.127: : 0.007
0.081 = : 0.007
0.089 = : 0.007
0.101 : : 0.006
0.089 : 0.015
0.209 = 0.008
0.110 = 0.008

24°.5
19.8
19.2
16.0
18.6
14.8
15.5
16.5
15.5
23.7
17.4

>6.5
>1.4
1.50.6-1.6
2.42.62.52.41.4>1.9
>0.8
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ment as drawn in Figure 4, while the upper limit extends the
line backward to the end of the preceding data set and forward
to the beginning of the next data set.
3.4. Long-Term Photometric Cycles
Dorren & Guinan (1984) found long-term changes in the
mean brightness of X And from 1976-1983 and suggested a
possible 6 yr cycle. On the basis of several more years of available photometry, however, Hall et al. ( 199 lb) suggested a cycle
period of ^ 11 yr. Our mean magnitudes from the 31 lightcurve solutions in Table 2 are plotted in Figure 6 and clearly
show a long-term variation in mean brightness with an amplitude of 0.13 mag. Periodogram analysis results in a period of
11.1 ±0.4 yr.
It is important to avoid confusing the lifetimes of individual
spots with longer term cycles that might modulate the mean
level of spottedness or the eifective temperature of the unspotted photosphere. One can see by comparison of Figures 5 and
6 that, in the case of X And, most of the variation in mean
brightness is due to the evolution ofjust two large spots, A and
H. Therefore, the mean brightness variations may be heavily
influenced by individual spots. The V magnitudes at maximum light from Table 2 are also plotted in Figure 6, where they
have been shifted upward by 0.1 mag. Changes in polar spots,
which cannot be modeled with our technique but which would
be visible, if present, due to the inclination of X And, may be
the cause of the small variations in maximum brightness seen
in Figure 6.
Dorren & Guinan ( 1984) also found a possible correlation
between mean brightness and photometric period, suggesting
an analogy to the Sun, where sunspot activity progresses from
high latitudes to the equator during the course of the sunspot
cycle. Since their photometric period determinations were
based on single seasons of data (and hence only two or three
rotation cycles) and did not allow for the different rotation periods of individual spots, their periods are subject to relatively
3.5
3.6 -

3.9 1
1
1
1 1 1
4.03000
—^^^—
—^^^—'—
—^—1—1—'—
—^^—1—'—'—^—'—'—^—
— — —^^—
4000
5000
6000
7000
8000
9000
JULIAN DATE (2,440,000 + ...)

Fig. 6.—Maximum (or unspotted) and mean Vmagnitudes of X And
for the 31 spot fits in Table 2 are plotted against time. Open circles represent the unspotted magnitudes ( shifted upward by 0.1 mag from Table 2 ),
while closed circles represent mean magnitudes. The mean brightness is
seen to vary over a range of 0.13 mag with a period of 11.1 ±0.4 yr.
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large uncertainties and are difficult to interpret physically. The
large period change revealed in their Figure 2 at approximately
JD 2,444,500, however, is clearly the result of the decay of our
spots B and C and the onset of spot E. Our spot migration curve
in Figure 4 does show an alternating pattern of negative and
positive slopes, indicating that spots tend to occur alternately
at low and high latitudes, respectively (assuming a solar-type
differential rotation law). The pattern appears to be cyclic but
definitely not periodic. Moreover, most of the data set does
suggest a temporal correlation between spot period and mean
magnitude in the sense that shorter rotation periods (negative
slopes in Fig. 4 ) occur when X And is fainter and longer periods
(positive slopes) occur when the star is brighter, though admittedly the recent appearance of the large spot J in 1989 at a
very different period from the large spot A tends to disrupt this
correlation.
4. a GEM
(j Gem is another bright, naked-eye star (F=4.14, Æ — V =
1.12, K1 III) with strong Ca il H and K emission included in
the CCABS (Strassmeier et al. 1993). No light from the secondary star has been detected. Eclipses of a Gem do not occur,
so the orbital inclination is not known. Poe & Eaton ( 1985)
and Strassmeier et al. ( 1988) adopted i = 60° for their spot
models. This inclination, combined with v sin i = 27 km s-1
(Eaton 1990) and ProX = 19.54 days, gives R= 12.0 solar radii
for the spotted star.
The light variability of c Gem was discovered by Hall,
Henry, & Landis (1977) who found a Gem varying by a few
percent in approximate synchronism with the orbital period.
Since that time, photoelectric light curves in the Johnson system have been obtained every year through the efforts of a large
number of manual observers and the initiation of automatic
observations in 1983.
Several papers have been written that used a variety of spotmodeling techniques to analyze various light curves of a Gem.
Poe & Eaton ( 1985 ) used VRI photometry and the equations
of Budding ( 1977) to model the two spots visible in 1980 and
found spot temperatures of 3870 K. Strassmeier et al. ( 1988)
used UBV light and color curves and assumed rectangular
spots on a spherical star to determine spot properties from
1977 to 1986. Nearly all their solutions required two spots with
a final adopted temperature of 3820 K. The motions of the
spots in longitude and the changing shape of the light curves
were assumed to result from two long-lived spot regions, although the possibility that new spot regions had replaced old
ones was suggested. Oláh et al. ( 1989) used UBVobservations
taken in 1986-1988 and Budding’s method to identify two active longitudes at these epochs. The spot migration curve from
1977 to 1988 was interpreted as due to the motion of two longlasting spot regions. Dempsey et al. ( 1992) and Hatzes ( 1993)
have used spectral line profiles to map the spots in 1989-1990
and 1991-1992, respectively. We will discuss these results further in §4.3.
4.1. Observations
Sources of the photometry used in our analysis of a Gem are
listed in Table 4. Most observers and both automatic telescopes
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TABLE 4
Sources of Photometry for a Gem
JD Range
(2,440,000+)
3,181-4,742
4,636-6,562
5,635-7,159
7,121-8,754

No. of V

No. of £

Source

238
453
473
523

31
...
474
528

Friedetal. 1983; I AU file No. 120
Strassmeier et al. 1988; IAU file No. 153
Boyd et al. 1990; 0.25 m APT
This paper; 0.4 m APT

used HR 2896 (V = 5.33, B - V = 1.01 ) as the comparison
star, and the remaining differential observations have been
converted to that comparison. Each of the available 1687 V
observations is the mean of (usually) three consecutive differential measures and has been corrected for extinction and
transformed to the Johnson system. All 16 seasons of V data
are plotted against Julian Date in Figure 7, which covers a span
of nearly 6000 days. A check star (69 u Gem, V = 4.06, B V = 1.54, M0 III-IITb) was observed each night by the 0.4 m
APT as a check on the constancy of the comparison star.
Hoffleit & Jaschek ( 1982) list 69 Gem as a possible variable,
but no suggestion of variability is seen in the 5 yr of differential
magnitudes between the comparison and check stars. The standard deviation of the nightly differential measures between HR
2896 and v Gem from the seasonal means averaged 0.013 mag.
4.2. Light-Curve Fitting and Spot Evolution
We have used the spectroscopic ephemeris of Bopp &
Dempsey (1989),
JDconj = 2,447,227.08 + 19.60447E',

(5)

to convert the times of observation into phases where the time
of conjunction is for the K1 III primary in front. The observations were then divided into 58 data sets and analyzed separately with our two-spot model. The Julian Date limits for each
data set were chosen to include only one or two rotation cycles.
The parameters resulting from the 58 spot fits are presented in
Table 5. The average error of all the times of spot minimum
is 0.41 days or 0.021 phase units. The maximum and mean
magnitudes have been converted into apparent magnitudes
with F = 5.33 for the comparison star. The rms deviations of
the observations from the spot fits ranged from 0.006 to 0.048
mag with a mean of 0.014, compared to the 0.013 mag external
error of a single check star observation. Spot fits with rms errors
greater than 0.013 mag probably indicate light-curve changes
over the time interval of the fit. Only a few of the 58 data sets
could be fit to this precision with one spot; the rest required
two spots. Figure 8 gives an example of a two-spot fit for data
set 24.
Migration and amplitude curves from the 58 spot fits are
plotted in Figures 9 and 10, respectively. While previous papers by Fried et al. ( 1983 ), Strassmeier et al. ( 1988 ), and Oláh

Fig. 7.—1977-1991 Flight curve of a Gem from the data sources in Table 4. Each point is the mean of (usually) three differential observations in the
sense of a Gem minus HR 2896. The 20 day rotation period is extremely compressed at this scale, but the changing amplitude of the spot wave and the longterm variations is mean magnitude are readily seen.
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TABLE 5
Parameters of the Two-Spot Fits for a Gem
Data Set

Mean
Epoch

n

1

1977.24

26

2,

1978.08

19

3.

1978.28

25

4.

1979.09

13

5.

1979.20

22

6.

1979.31

17

7.

1979.92

16

8.

1980.15

24

9.

1980.26

18

10 .

1980.75

16

11 .

1980.83

21

12 .

1981.16

20

13 .

1981.23

25

14 .

1981.33

21

15 .

1982.02

18

16 .

1982.29

29

17 .

1982.87

10

18 .

1983.15

39

19 .

1983.25

48

20 .

1983.32

59

21 .

1983.87

32

22 .

1983.94

36

23 .

1984.03

42

24 .

1984.13

42

25

1984.22

57

26 .

1984.33

54

27 ..

1984.76

29

28 ..

1984.86

46

29 ..

1984.98

34

30 ..

1985.11

51

31 ..

1985.28

76

32 ..

1985.77

28

33 ..

1985.93

24

JDmin
(2,440,000+)

Amplitude
(mag)

Spot

3.239.2 + 0.2
3,231.5+0.7
3.551.2 + 0.1
3.542.3 + 0.8
3.629.3 + 0.2
3.619.0 + 0.7
3.920.4 ± 0.2
3,915.5+0.3
3.959.2 + 0.3
3.954.5 + 0.7
4,000.5 ± 0.7
3.995.9 + 0.3
4.237.0 + 0.8
4.229.4 ± 0.6
4.296.9 ± 0.4
4.288.0 + 0.4
4.355.6 + 0.3
4.347.1 +0.4
4.511.9 + 0.2
4.522.2 + 0.2
4.550.7 + 0.2
4.541.8 + 0.3
4.667.8 + 0.3
4.659.4 + 0.2
4.686.3 ± 0.2
4.698.2 ± 0.2
4.725.8 + 0.2
4.737.2 + 0.3
4.974.4 ± 0.4
4.982.4 ± 0.7
5,072.1 +0.3
5.080.0 ± 0.3
5.324.7 ± ...
5.316.5 + ...
5.402.8 ± 0.3
5,396.4+ 1.0
5.441.9 + 0.3
5.436.1 ±0.4
5,461.1+0.5
5.457.0 + 0.5
5.648.7 + 0.1
5.659.7 + 0.1
5.687.4 + 0.3
5.679.3 + 0.3
5.706.3 + 0.3
5.699.3 + 0.2
5.745.0 + 0.2
5.737.9 + 0.1
5.783.3 + 0.3
5.776.8 + 0.1
5.821.8 + 0.2
5.815.6 + 0.2

0.077 + 0.010
0.026+0.012
0.113 + 0.007
0.024 ± 0.006
0.130 + 0.013
0.024 + 0.013
0.092 ± 0.006
0.047 ± 0.007
0.104 + 0.011
0.037 + 0.012
0.042 ± 0.008
0.079 + 0.010
0.049 + 0.017
0.070 ± 0.030
0.052 + 0.011
0.047 + 0.013
0.052 + 0.010
0.051 ±0.011
0.087 ± 0.006
0.063 ± 0.006
0.100 + 0.010
0.069 + 0.010
0.078 + 0.013
0.070 + 0.014
0.085 + 0.011
0.083 + 0.010
0.072 + 0.011
0.063 ± 0.008
0.091 ±0.019
0.045 + 0.019
0.082 + 0.014
0.062 + 0.010
0.111+...
0.118 + ...
0.074 + 0.010
0.032 + 0.010
0.065 ± 0.008
0.053 ± 0.008
0.039 ± 0.009
0.039 ± 0.008
0.086 ± 0.005
0.085 ± 0.008
0.069 ± 0.008
0.063 ± 0.008
0.081 +0.007
0.059 ± 0.007
0.046 ± 0.006
0.100 + 0.005
0.052 ± 0.006
0.107 + 0.007
0.070 ± 0.007
0.079 ± 0.006

A
B
A
B
A
B
A
C
A
C
A
C
D
C
D
C
D
C
D
C
D
C
D
C
D
C
D
C
E
F
E
F
E
F
E
F
E
F
E
F
G
H
G
H
G
H
G
H
G
H
G
H

5.991.1 ± 0.2

0.082 ± 0.007

H

6.010.9 + 0.1
6,056.7+ 1.0
6.069.0 ± 0.3
6.094.2 ± 0.6
6.107.0 + 0.3

0.086 ± 0.005
0.029 + 0.010
0.092 + 0.011
0.029 + 0.010
0.055 + 0.010

H
I
H
I
H

6.166.0 + 0.4
6.345.8 + 0.2
6.353.9 + 0.2
6,405.8 + 0.4
6.412.4 + 0.4

0.049 ± 0.007
0.100 + 0.010
0.091 ±0.011
0.089 + 0.011
0.094 + 0.014

H
J
K
J
K

Maximum
(mag)

Mean
(mag)

rms
(mag)

4.175 + 0.008

4.207

0.014

4.160 + 0.005

4.203

0.008

4.156 + 0.010

4.204

0.016

4.156 + 0.004

4.199

0.006

4.159 + 0.006

4.202

0.013

4.154 + 0.005

4.191

0.010

4.173 + 0.013

4.210

0.024

4.184 + 0.009

4.214

0.014

4.175 + 0.007

4.207

0.011

4.159 + 0.005

4.206

0.006

4.175+0.007

4.228

0.014

4.157 + 0.011

4.203

0.010

4.146 + 0.007

4.198

0.013

4.159 + 0.006

4.201

0.011

4.175 + 0.013

4.217

0.019

4.175 + 0.008

4.220

0.018

4.142 ±.. .

4.214

0.048

4.194 + 0.007

4.227

0.018

4.208 ± 0.006

4.244

0.014

4.224 ± 0.005

4.247

0.017

4.198 + 0.004

4.251

0.009

4.206 ± 0.007

4.247

0.012

4.194 + 0.005

4.237

0.014

4.187 + 0.004

4.233

0.009

4.194 + 0.005

4.243

0.014

4.205 ± 0.005

4.251

0.014

4.232 ± 0.004

4.257

0.014

4.212 + 0.003

4.238

0.013

4.198 + 0.008

4.235

0.018

4.203 ± 0.007

4.229

0.017

4.221 +0.004

4.236

0.024

4.134 + 0.007

4.193

0.015

4.134 + 0.008

4.191

0.019
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TABLE 5—Continued

Data Set

Mean
Epoch

34

1986.10

24

35

1986.29

31

36 ,

1987.09

19

37 .

1987.21

22

38 ,

1987.30

22

39 ,

1987.86

23

40 ,

1988.02

19

41 .

1988.15

22

42 .

1988.35

13

43 .

1988.81

27

44 .

1989.00

48

45 .
46 .
47 .

1989.11
1989.22
1989.32

43
49
20

48 .

1989.80

26

49 .

1989.95

30

50 .

1990.04

35

51 .

1990.13

31

52 .

1990.24

21

1990.34

12

53 .
54 .

1990.85

16

55 .

1990.92

17

56 .

1991.12

27

57 .

1991.31

27

58 .

1992.28

17

JDnun
(2,440,000+)

Amplitude
(mag)

Spot

Maximum
(mag)

Mean
(mag)

rms
(mag)

6,465.5 + 0.6
6,472.0 ± 0.4

0.054 + 0.015
0.079 + 0.013

J
K

4.147 + 0.010

4.189

0.020

4.222 ± 0.007

4.222

0.035

6,822.2+ 1.5
6,818.6 + 0.9
6.879.5 + 1.8
6.876.2 + 0.6

0.022 ± 0.025
0.063 ± 0.025
0.023 + 0.017
0.062 + 0.021

L
M
L
M

4.181 ±0.004

4.207

0.008

4.187 + 0.004

4.213

0.011

6.915.4 + 0.3
7.109.6 + 0.3
7.121.6 + 0.6
7.168.3 + 0.4
7,180.0+ 1.0
7.226.7 ± 0.4
7.219.6 + 0.6
7.286.1 +0.3
7.296.8 ± 0.4
7.461.8 + 0.8
7.453.9 + 0.3

0.008

M
N
O
N
O
N
O
N
O
N
O

4.203 ± 0.004

4.217

0.048 ± 0.005
0.075 ±0.012
0.049 ±0.012
0.061 ±0.011
0.034 ±0.014
0.039 ± 0.007
0.029 ± 0.006
0.058 ±0.014
0.067 ± 0.009
0.024 ± 0.008
0.065 ±0.010

4.158 + 0.009

4.196

0.016

4.165 + 0.008

4.194

0.014

4.164 + 0.005

4.185

0.010

4.152 + 0.009

4.190

0.009

4.188 + 0.006

4.215

0.012

4.180 + 0.004

4.214

0.013

7.531.4 + 0.1

0.092 + 0.010

O

4.212

0.012

0.085 ± 0.004

o

4.186 + 0.003

7.569.8 + 0.1

o

4.209

0.098 ± 0.006

4.179 + 0.003

0.016

7,609.3 ± 0.2

o
N
o
N
O
N
O
N
O

4.203

0.010

0.100 : 0.008
0.029 : 0.007
0.056 : : 0.006
0.079 : : 0.018
0.073 : : 0.014
0.023 : : 0.007
0.026 : : 0.006
0.046 : : 0.014
0.068 : : 0.014

4.172 + 0.003

7,649.0 + 0.1
7.833.5 + 0.5
7.824.9 ± 0.2
7.873.7 + 0.4
7.864.8 + 0.3
7.893.7 + 0.4
7.904.2 ± 0.3
7.951.7 + 0.5
7.943.5 + 0.4

4.184 + 0.005

4.210

0.008

4.161+0.012

4.208

0.015

4.195 + 0.004

4.210

0.010

4.189 + 0.012

4.224

0.010

0.023 + 0.013

4.222

O

4.215 + 0.002

0.008

7.982.3 + 0.7

4.227

0.043 : : 0.008
0.057 : : 0.006
0.058 : : 0.008
0.050 : : 0.006
0.060 : : 0.007
0.028 : : 0.009
0.048 = : 0.007
0.029 = 0.011
0.056 = : 0.009
0.077 : 0.011
0.070 : 0.015

o
N
o
N
O
N
O
N
O
N
P

4.214 + 0.005

0.011

8.021.9 + 0.4
8.206.8 + 0.3
8.198.6 + 0.3
8.226.5 ± 0.4
8.218.2 + 0.4
8.304.7 + 0.5
8.295.4 + 0.3
8.364.8 ± 0.6
8.373.5 + 0.4
8.736.3 + 0.4
8.729.5 + 0.4

4.199 + 0.005

4.234

0.008

4.200 ± 0.005

4.234

0.008

4.205 ± 0.005

4.229

0.011

4.206 ± 0.007

4.232

0.013

4.210 + 0.008

4.256

0.013

et al. (1989) have interpreted earlier migration curves of o
Gem as the result of only two long-lasting active regions, Figure 9 demonstrates the existence of 16 spot regions (A through
P) identified on the basis of their different rotation periods.
The various slopes (periods) seen in the migration curve imply
spots over a range of latitudes on a Gem; however, most spot
periods are shorter than the orbital period since most line segments have negative slope. As with X And, the spots remain at
a constant latitude throughout their lifetimes as they grow and

decay. Nearly all solutions required two and only two spots to
reproduce the data. The decay of any spot was always soon
followed by the emergence of a new spot, usually at a different
latitude and longitude. Two exceptions to this are evident in
Figure 9. When spots G and H formed shortly after the simultaneous decay of spots E and F, spot H occupied the same latitude as had spot E but was shifted 0.2 phase units back in the
direction from which E had migrated. Also, an examination of
the amplitude curve of spot N demonstrates that it decayed to
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spots A through K. Spots A and B from Oláh et al. ( 1989)
correspond to our spots J through O. The two spots mapped by
Dempsey et al. ( 1992) visible in early 1990 (data sets 50 and
51 ) are spots N and O.
4.3. Spot Properties

Fig . 8.—Two-spot fit for a Gem data set 24. Spot G is located at phase
0.40 and has an amplitude of 0.05 mag. Spot H is located at phase 0.04
with an amplitude of 0.10 mag.
zero or near-zero amplitude three separate times. This indicates that spot N is an active region where spots have decayed
and reformed in the same location.
Light-curve changes noted by Fried et al. ( 1983) that took
place between the 1978-1979 and 1979-1980 observing seasons can now be seen as a consequence of the decay of spot A
and the emergence of the two new spots C and D. These same
two spots were still in existence in late 1980 (data sets 10 and
11 ) and were the ones modeled by Poe & Eaton (1985). Spots
A and B from Strassmeier et al. ( 1988) are now resolved into

The rotation periods of spots A through O, determined with
linear least squares from the slope of each line segment in Figure 9, are listed in Table 6. The standard deviation of a single
point on the migration curve from its straight line segment averaged 0.026 phase units for all spots, compared to the average
error of 0.021 phase units for the times of minima from the
spot fits. Excluding spots I, K, L, and M because of their short
lifetimes and subsequent large uncertainties in their periods,
the spot periods ranged from 19.21 ± 0.01 days for spot G to
19.94 ± 0.04 days for spot J. The 11 well-determined spot periods thus ranged from 2.01% ± 0.05% shorter than POTb to
1.71% ± 0.20% longer, for a total range of 3.12% ± 0.21%. For
11 spots, factor /defined in equation (3) becomes 0.966, and
therefore k = 0.038 ± 0.002.
Strassmeier et al. ( 1988) and others have pointed out that
spot latitudes based only on photometry are very uncertain.
We have identified each of the spots modeled in that paper with
one of our spots A through K. The spot latitudes determined
by Strassmeier et al. have been plotted in Figure 11 against the
spot periods derived in this paper. Error bars for spot latitudes
are based on the spread of consecutive latitude determinations
of the same spot. No correlation between spot latitude and spot
period is observed in contrast to expectations for a differentially rotating star. This confirms a lack of latitude information
in the photometric spot models. It is also suspicious that, as

Fig. 9.—Migration curve of a Gem between 1977 and 1991 plotted from the data in Table 5. Sixteen separate spots are identified from their rotation
periods. Three very small spots are denoted by dashed lines. None of the major long-lived spots migrated past phases 0.25 or 0.75, but instead spent most of
their lives near the two conjunctions.
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Fig . 10.—Spot amplitudes in V vs. time for a Gem from the data in Table 5. Spot A was the largest spot observed, reaching an amplitude of 0.13 mag.
Spots A and B existed prior to our observations, while spots N and P were still in existence at the end of our observations.
Figure 11 shows, all of the spots in Strassmeier et al. appear to
occur within 10° of latitude 30°, just where a spot would cross
the center of the star’s disk ( for an assumed i = 60°).
Dempsey et al. ( 1992 ) have derived latitudes for spots N and
O in Figure 9 from a combination of photometry and spectroscopy taken around the epoch 1990.19 and find the spotted regions to be centered at approximately +30° and +60°. The five
spots found by Hatzes (1993) at about +55° latitude in his
Doppler images taken around 1991.9 were observed at an epoch for which we have no contemporaneous photometry. The
two largest spots probably correspond to our spots N and O,

however, and Hatzes’ light curve predicted from his Doppler
images matches our light curve from data set 57 quite closely.
Continued observations such as these could ultimately reveal
latitude migration of spots as observed on the Sun in the course
of its 11 yr sunspot cycle and allow the explicit determination
of a differential rotation law for a Gem when combined with
the spot rotation periods determined from our photometry.
The spot radii in Table 6 tend to be slightly smaller (by up to
several degrees) than corresponding radii determined by Strassmeier et al. ( 1988) since our two-spot model places the unspotted light level at the maximum brightness level for each

TABLE 6
Starspot Properties for a Gem
Spot
A.
B.
C.
D.
E .
F .
G.
H.
I ..
J ..
K.
L.
M,
N.
O.
P .

Period
(days)
19.48 ±0.03
19.38 ±0.4
19.55 ±0.01
19.53 ±0.02
19.46 ±0.01
19.76 ±0.04
19.21 ±0.01
19.46 ±0.01
18.94 ±0.63
19.94 ±0.04
19.68 ±0.10
18.89 ±0.40
19.29 ±0.16
19.60 ±0.01
19.58 ±0.01

àP/P

Maximum Amplitude
(mag)

-0.63% ±0.15%
0.130 ± 0.013
-1.14 ±0.20
0.026 ±0.012
-0.28 ±0.05
0.083 ±0.010
-0.38 ±0.10
0.100 ±0.010
-0.74 ±0.05
0.111 ±...
+0.79 ±0.20
0.118 ± ...
-2.01 ±0.05
0.086 ± 0.005
-0.74 ±0.05
0.107 ±0.007
-3.39 ±3.21
0.029 ±0.010
+ 1.71 ±0.20
0.100 ±0.010
0.094 ±0.014
+0.39 ±0.51
-3.64 ±2.04
0.023 ±0.017
-1.60 ±0.82
0.063 ± 0.025
-0.02
,
±0.05
0.079 ±0.018
-0.12 ±0.05
0.100 ±0.008
0.070 ±0.015

Radius

r(obsv)
(yr)

18!8
8.5
15.1
16.5
17.4
17.9
15.4
17.1
9.0
16.5
16.0
8.0
13.2
14.7
16.5
13.9

>2.3
>1.3
2.41.6-2.4
1.6-2.4
1.6-2.4
0.6-1.3
1.50.3-0.3
0.5-1.7
0.5-1.7
0.2-0.9
0.3-1.4
>4.6
3.6>0.17
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changes in spot rotation periods that would be expected by solar analogy.
5. II PEG

Fig. 11.—Spot latitudes on a Gem from Strassmeier et al. ( 1988) vs.
spot period determined in this paper. No correlation between spot latitude
and spot period is observed. This demonstrates the uncertainty of photometrically determined spot latitudes.
individual epoch, whereas Strassmeier et al. used the maximum brightness ever observed as their unspotted light level.
Our maximum radii ranged over ~80-19° degrees.
Observed spot lifetimes in Table 6 range from as short as a
few months (for several spots) to 3.6 yr for spot O. Spot N has
survived for more than 4.6 yr, but the amplitude curve resolves
this spot into a succession of shorter lived spots forming within
the same active region. Spots A and B were already in existence
during the discovery observations of Hall et al. ( 1977 ), so their
minimum lifetimes are listed. Since spots N and P were still
present at the end of our observations, only their minimum
lifetimes are given.
4.4. Long- Term Photometric Cycles
Relatively little has been said to date about the existence of
a long-term cycle operating in cr Gem. Strassmeier et al. ( 1988 )
suggested a possible cycle of ~2.7 yr based on total spotted
area determined from their models. However, the migration
and amplitude curves in Figures 9 and 10 show that this timescale merely represents the formation and decay of individual
spot regions. Maceroni et al. ( 1990) quote a cycle period of 5.8
yr for a Gem, but this value can be traced to a spot migration
rate determined by Fried et al. ( 1983 ). It is based on their earlier interpretation of the migration curve and certainly does
not represent a true cycle.
The mean V magnitudes from our 58 light-curve solutions
in Table 5, which we have plotted in Figure 12, reveal a longterm variation in mean light level with an amplitude of ~0.05
mag. Periodogram analysis finds a period of 8.5 ± 0.3 yr. The
maximum magnitudes from Table 5 are also plotted in Figure
12 and show as much variation as the mean magnitudes. Variations in the maximum magnitude of a Gem could be caused
by circumpolar spots (above latitude +60°) that would not be
accounted for by our model. Note, however, that Hatzes
( 1993) found no polar spots in his Doppler images for 19911992. The migration curve in Figure 9 does not suggest cyclic

II Peg is among the most active of all RS CVn binaries and
belongs to a small subset of stars, including V711 Tau and UX
Ari, in which Ha always appears in emission (Nations & Ramsey 1981). It has been well observed photometrically since
Chugainov (1976) published the first photoelectric light curves
for 1973 and 1974. He found it varying between Vmagnitudes
of approximately 7.2 and 7.5 with a period of 6.75 days and
assumed the variations were due to large spots modulating the
light as in BY Draconis stars. Rucinski ( 1977) classified this
SB1 binary as K2-3 IV-V, noted that its photometric period
was quite close to the period of 6.724183 ± 0.000034 days determined by Halliday ( 1952) for its essentially circular orbit,
and demonstrated changes in the mean fight level, asymmetry,
and phases of minimum of the fight curve since the epoch of
Chugainov’s observations. Bopp & Noah ( 1980b) showed that
the asymmetric fight curves of Chugainov and Rucinski could
be successfully modeled with two cool spots.
Vogt ( 1981a,b) observed II Peg in 1977 and 1978 using
multicolor photometry, high-dispersion spectroscopy, low-dispersion spectrophotometry, and Zeeman analysis to derive its
properties and concluded that II Peg is best classified as an RS
CVn system. He found that the amplitude of the fight curve
had increased to 0.43 mag in V and that his fight and color
curves could be reproduced with a cool spot having an eifective
temperature of 3400 K and an equivalent spectral type of M6
and covering ~37% of one hemisphere on the star. High-resolution fine profiles yielded i; sin z = 21 ± 1 km s-1. He also
derived a stellar radius of R = 2.2 ±0.6 solar radii and concluded the inclination i was much larger than 34°. Several other
authors have produced spot models for various epochs and derived spot temperatures including Nations & Ramsey (1981;
fall 1979, rspot = 3600 K), Poe & Eaton (1985; fall 1980,
3.9
4.0 -

1
1
1
4.43000
—^^^^^^^^^^^^^^—
—^^^^^^^—
—
4000
5000
6000 —^^—
7000
8000
900i
JULIAN DATE (2,440,000 + ...)

Fig. 12.—Maximum and mean V magnitudes of a Gem for the 58 spot
fits in Table 5 plotted against time. Open circles represent the unspotted
magnitudes (shifted upward by 0.1 mag), and closed circles represent
mean magnitudes. The mean brightness varies by 0.05 mag with a period
of 8.5 ± 0.3 yrs.
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Chugainov’s data, as suggested by Vogt ( 1981a) and Poe &
Eaton ( 1985), to correct a probable zero-point error in Chugainov’s all-sky photometry. After Evren’s data were
multiplied by -1 to convert the sense of his differential observations to variable minus comp, we added 0.92 mag to his
differential magnitudes to bring them into line with the contemporaneous observations of Byrne et al. ( 1989) because we
could not locate good UBV magnitudes for his comparison
star. The check star 78 Peg = HR 8997 {V = 4.93, B - V =
0.95 ) was observed by the 0.4 m automatic telescope. The standard deviation of the nightly mean differential observations between 78 Peg and 85 Peg from the seasonal means averaged
0.008 mag in V for the six seasons of 0.4 m data, indicating
good short-term stability of our comparison star. Long-term
variations were also undetectable.

Tspot = 3620 K), Rodono et al. (1986; fall 1981, Tspot =
3300 K), Byme & Marang ( 1987; fall 1986, Tspot = 3700 K),
and Boyd et al. ( 1987; 1986-1987, rspot = 3450 K). During the
1986-1987 observing season the amplitude of the light curve
reached a maximum of 0.5 mag in V( Doyle et al. 1989), larger
than any other RS CVn star except HD 12545 = XX Tri
( Nolthenius 1991).
Huenemoerder, Ramsey, & Buzasi (1989) detected TiO
band absorption features in 1988 September that were stronger
when II Peg was fainter. They used these variations to estimate
cool spot radii of 20o-30° with equivalent spectral types of M4M6. A direct detection of magnetic fields in II Peg during 1990
September has been reported by Donati, Semel, & Rees ( 1992 )
who used the new technique of Zeeman-Doppler imaging.
This technique takes advantage of the Doppler effect in rapidly
rotating stars to separate in wavelength the disk-integrated polarized profiles of strong, highly magnetic lines. Only half a rotation cycle was observed for II Peg, but clear signatures of
magnetic fields were detected with possible concentrations
near the phases of spots observed in our paper (Donati 1993 ).

5.2. Light-Curve Fitting and Spot Evolution
The observations were divided into 37 data sets and analyzed with the two-spot model. Because of II Peg’s shorter rotation period, five to 10 rotation cycles were generally required
in each data set in order to accumulate enough data to define
the phase curve. The divisions between data sets were carefully
chosen, however, to minimize any changes in the shape of the
light curve within the data sets. The Julian Dates of observation were converted to orbital phases with the ephemeris

5.1. Observations
Over 900 observations in Johnson V and 700 in Johnson
B were collected from the literature and from our automatic
telescopes; dates of these observations range from 1973
through 1992. Table 7 lists the sources of this photometry.
Both automatic telescopes used 85 Peg = HR 9088 {V = 5.75,
B- V = 0.67 ) as a comparison star, and all other observations
have been converted to differential magnitudes with that comparison. Most observations listed in Table 7 are means of
(usually) three differential measures between II Peg and the
comparison star and have been corrected for extinction and
transformed to the Johnson system. The V observations are
plotted against Julian Date in Figure 13 and cover a time span
of almost 7000 days. A 0.15 mag correction has been added to

JDconj = 2,443,030.239 + 6.724183£,

where the period is from Halliday ( 1952) and the epoch is opposite the one derived by Rucinski ( 1977), i.e., our epoch has
the K2-3 IV-V component in front at phase 0.0. The parameters resulting from the 37 data sets are given in Table 8. The
average error of all times of spot minimum is 0.09 days or
0.013 phase units. The maximum and mean magnitudes have
been converted into apparent magnitudes with F = 5.75 for

TABLE 7
Sources of Photometry for II Peg
JD Range
(2,440,000+)
2,029-2,336
3,076-3,087
3,355-3,444
4,168-4,180
4,208-4,271
4,458-4,555
4,467-4,514
4,791-4,937
4,846-4,921
4,872-5,196
5,143-5,372 ,
5,535-5,941 .
5,892-5,928 .
5,935-5,948 .
5,957-5,973 .
5,971-7,160 .
6,678-6,745 .
6,686-6,752 .
6,696-6,751 .
7,115-8,895 .

(6)

No. of K

No. oïB

Source

44
22
11
21
21
25
23
31
27
19
36
47
6
21
26
192
23
20
22
312

30

Chugainov 1976
Rucinski 1977
Vogt 1981a
Nations & Ramsey 1981
Raveendran, Mohin, & Mekkaden 1981
Hall & Henry 1983
Bohusz & Udalski 1981
Rodono et al. 1986
Lines et al. 1983
Henry 1983
Andrews et al. 1988
Evren 1988
Byrne et al. 1989
Kaluzny 1984
IAU file No. 147
Boyd et al. 1990; 0.25 m APT
Cutispoto et al. 1987
Byrne & Marang 1987
Doyle et al. 1988
This paper; 0.4 m APT

21
20
23
30
25
47
6
21
26
193
23
304
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Fig. 13.—1973-1992 Flight curve of II Peg from the data referenced in Table 7. Each point is usually the mean of three differential observations in the
sense of II Peg minus 85 Peg. The 6.7 day rotational modulation cannot be seen at this scale, but changes in spot amplitude and mean magnitude are
easily seen.
the comparison star. The rms deviations of the observations
from the spot fits ranged from as small as 0.005 mag to as large
as 0.041 mag. This compares to the 0.008 mag standard deviation of a nightly check star observation noted above. Spot fits
with the larger rms errors probably indicate small short-term
light-curve changes within the data set. All data sets with the
exception of No. 8 required two spots to fit the data. The twospot fit for data set 6 is shown in Figure 14.
The migration and amplitude curves for II Peg are given in
Figures 15 and 16, respectively. The migration curve reveals
the existence of 12 different spots (A through L) over the 19 yr
time interval of the observations, each represented by a straight
line segment except for spot L. Thus, like X And and <t Gem,
spots on II Peg appear to rotate with constant period and so
must remain at constant latitude throughout their lifetimes.
With the single exception of data set 8, two spots were always
required to fit the data. Whenever one spot decayed, another
quickly took its place, usually at a different longitude and latitude, resulting in phase shifts and slope changes in the migration curve. Enormous spot amplitudes are seen at times in the
amplitude curve of Figure 16; spot G modulated the light curve
by 0.45 mag for a time.
Our interpretation of the migration curve of II Peg differs
somewhat from that of Mohin & Raveendran ( 1993a) in that
we resolve 12 spots as compared to their six. However, they
determined individual spot locations by visual inspection of
light curves rather than by spot modeling and so placed spots
only at longitudes corresponding to actual light-curve minima.
In contrast, our two-spot models required two spots separated
somewhat in longitude to fit certain broad minima and also
required two spots to fit asymmetrical light curves even though
they had only one maximum and minimum.

As with most of our migration and amplitude curves, some
minor ambiguities exist in the interpretation of those for II Peg.
For instance, the first point in the migration curve of spot G,
which lies considerably below the line, appears as if it could
have been assigned to the end of spot D. However, its phase of
minimum is quite uncertain due to considerable scatter in the
phase curve of data set 17, and the amplitude curve suggests it
belongs to the beginning of spot G since spot D had been decaying rapidly. Also, an unfortunate gap occurred in the photometric coverage of II Peg lasting for the entire 1978-1979
observing season. We have assumed spot A lasted throughout
this interval and find support for this interpretation in the Ha
observations of Bopp & Noah ( 1980a). They found the equivalent width varying with orbital (rotational) phase during
July-November 1978 (mean epoch ~JD 2,443,770) with a
maximum between phases 0.9 and 1.0 by the ephemeris in our
equation (6). The anticorrelation of Ha emission and brightness noted by Vogt (1981a) then implies a spot at this phase.
Interpolation of our migration curve for spot A suggests that
this large spot was responsible for the modulation of Ha emission.
Changes in the light curves of II Peg noted by past observers
can now be understood in terms of the spot evolution documented in our migration and amplitude curves. For example,
the great increase in the amplitude of Chugainov’s (1976) light
curves between 1973 and 1974 is simply the result of the rapid
growth of spot A. The changes noted by Rucinski ( 1977) by
1976 are due to the decay of spot B and the new appearance of
spot C. Spots A and C had migrated to nearly the same longitude by 1977 and were modeled as a single large spot by Vogt
( 1981b). Nations & Ramsey ( 1981 ) were seeing the effects of
spots A and D in their 1979 light curve. The weak modulation

© American Astronomical Society • Provided by the NASA Astrophysics Data System

19 95ApJS. . .97. .513H

TABLE 8
Parameters of the Two-Spot Fits for II Peg
Data Set

Mean
Epoch

1

1974.03

11

2

1974.67

18

3

1974.75

13

4

1976.83

21

5

1977.63

10

6

1979.82

21

7

1980.03

19

8

1980.65

19

9

1980.79

29

10

1981.74

34

11

1981.90

26

12

1982.52

17

13

1983.00

14

14

1983.07

22

15

1983.58

10

16

1983.76

11

17

1984.59

23

18

1984.77

44

19

1984.97

29

20

1985.58

22

21

1985.73

27

22

1985.84

27

23

1986.72

31

24

1986.83

36

25

1987.82

28

26

1988.01

24

27 ,

1988.74

39

28

1988.86

29

29 ,

1988.99

26

30

1989.74

33

31 ,

1989.85

31

32 .

1990.00

32

33 .

1990.46

7

JDmin
(2,440,000+)

Amplitude
(mag)

Spot

2,056, 46 + 0.12
2,059, 15 + 0.13
2,291, 61+0.03
2,293, 75 ± 0.07
2,325, 24 ± 0.05
2,327, 21+0.10
3,084, 40 ± 0.04
3,082, 22 ± 0.06
3,373, 08 ± 0.05
3,372, 24 ± 0.06
4,179, 80 + 0.01
4,175,.62 ± 0.03
4,246, 74 + 0.13
4,242, 53 + 0.15

0.116 ±0.018
0.126 ± 0.024
0.306 ± 0.009
0.115 ±0.010
0.262 ±0.013
0.113 ±0.014
0.238 ±0.012
0.151 ±0.013
0.245 ± 0.023
0.234 ±0.021
0.182 ±0.005
0.115 ±0.005
0.137 ± 0.020
0.110 ±0.018

A
B
A
B
A
B
A
C
A
C
A
D
A
D

4,476.48 ± 0.06
4.527.92 ± 0.07
4.523.58 ± 0.04
4,876.91 +0.10
4.878.58 ± 0.07
4,937.74 + 0.11
4.939.15 + 0.09
5,159.18 + 0.11
5.160.39 + 0.07
5.340.15 + 0.20
5,342.07 ± 0.07
5,360.20 + 0.13
5.362.35 ± 0.09
5.546.36 + 0.51
5.549.67 ± 0.07
5.613.26 + 0.10
5.617.27 + 0.08
5.919.27 + 0.17
5.917.17 + 0.10
5.987.27 ± 0.05
5,984.98 ± 0.03
6.054.68 ± 0.07
6,052.26 ± 0.05
6,282.73 ± 0.04
6.280.12 + 0.04
6.336.56 + 0.05
6,333.86 + 0.06
6,376.81 ±0.03
6,374.01 +0.11
6,699.42 ± 0.04
6.697.36 + 0.16
6.732.94 ± 0.05
6.730.93 + 0.16
7.101.95 + 0.04
7,099.14 + 0.09
7.168.94 + 0.07
7.166.18 + 0.07
7,430.00 ± 0.05
7.428.12 + 0.11
7,470.67 ± 0.06
7,468.84 ± 0.08
7,524.04 ± 0.06
7.522.58 + 0.12
7,793.88 + 0.07
7.792.39 ± 0.07
7,841.31+0.07
7.839.66 ± 0.09
7,895.25 + 0.05
7.893.66 ± 0.05
8.063.57 + 0.21
8,061.51+0.26

0.112 + 0.009
0.073 ± 0.008
0.156 + 0.008
0.132 + 0.014
0.204 + 0.018
0.135 + 0.016
0.145 + 0.017
0.094 + 0.015
0.164 + 0.011
0.035 ± 0.007
0.119 + 0.011
0.055+0.010
0.110 + 0.011
0.011+0.011
0.085+0.010
0.064 ± 0.006
0.056 ± 0.007
0.090 + 0.014
0.131+0.015
0.091 +0.007
0.151 ±0.007
0.114 + 0.013
0.173 + 0.011
0.181 ±0.010
0.167 + 0.008
0.196 + 0.013
0.136 + 0.012
0.270 + 0.014
0.097 + 0.015
0.454 + 0.018
0.107 + 0.019
0.401 +0.022
0.120 + 0.019
0.137 + 0.009
0.062 + 0.010
0.114 + 0.010
0.078 ± 0.009
0.335 ± 0.020
0.159 + 0.019
0.368 ± 0.020
0.223 + 0.014
0.366 ± 0.025
0.161+0.026
0.256 + 0.017
0.200 ± 0.023
0.325 ± 0.024
0.248 ± 0.025
0.259 ± 0.020
0.290 + 0.014
0.201 ±0.055
0.154 + 0.045

D
E
D
E
D
E
D
E
D
E
D
E
D
F
D
F
D
G
H
G
H
G
H
G
H
G
H
G
H
G
H
G
H
G
I
G
I
J
I
J
I
J
I
J
K
J
K
J
K
J
K

Maximum
(mag)

Mean
(mag)

rms
(mag)

7.441+0.013

7.517

0.019

7.342 ± 0.006

7.475

0.012

7.356 ± 0.006

7.474

0.012

7.354 + 0.007

7.477

0.016

7.352 + 0.006

7.503

0.009

7.416 + 0.004

7.509

0.007

7.465 + 0.012

7.542

0.025

7.524 ± 0.005

7.559

0.015

7.485 ± 0.006

7.557

0.013

7.451 +0.008

7.556

0.024

7.455+0.008

7.543

0.023

7.457 ± 0.005

7.538

0.011

7.359 + 0.006

7.407

0.009

7.356 + 0.008

7.408

0.014

7.372 ± 0.008

7.401

0.008

7.423 ± 0.005

7.460

0.005

7.486 ± 0.009

7.555

0.021

7.447 ± 0.006

7.523

0.012

7.425 ± 0.007

7.516

0.018

7.404 ± 0.006

7.514

0.013

7.405 ± 0.009

7.510

0.019

7.385 ± 0.009

7.501

0.023

7.326 + 0.012

7.504

0.032

7.318 + 0.013

7.483

0.037

7.411+0.007

7.473

0.013

7.403 ± 0.006

7.463

0.012

7.334 + 0.012

7.490

0.034

7.306 ± 0.009

7.493

0.025

7.317 + 0.012

7.484

0.031

7.399 + 0.011

7.542

0.030

7.385 + 0.013

7.566

0.041

7.382 ± 0.008

7.555

0.025

7.430 ± 0.032

7.542

0.039
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TABLE 8—Continued
Data Set

Mean
Epoch

n

34

1990.84

18

35

1991.01

21

36

1991.44

27

37

1992.72

15

JDmin
(2,440,000+)

Amplitude
(mag)

Spot

8,205.08 + 0.11
8,202.62 + 0.07
8,258.51 +0.12
8,255.83 + 0.11
8,413.03 + 0.05
8,416.28 ± 0.06
8,883.75 + 0.04
8,885.97 + 0.19

0.130 + 0.014
0.138 + 0.017
0.168 + 0.028
0.155 + 0.028
0.085+0.007
0.071 ± 0.007
0.173 + 0.009
0.050 + 0.010

J
K
J
K
J
K
L
K

of Ha equivalent width over the rotation cycle noted by Ramsey & Nations ( 1984) anticorrelates well with the brightness
decrease caused by the combined effects of spots D and E separated by 0.25 phase units. The 0.45 mag light-curve amplitude
noted by Byrne (1986) corresponds to the maximum size of
spot G.
It is certainly clear, however, that more is happening on II
Peg than can be accounted for with our two-spot model, particularly with respect to long-term changes in the maximum
magnitude. It can be seen, for instance, that while spots G and
H were both decaying to small amplitude around ID
2,447,000, the maximum magnitude of II Peg was decreasing.
A similar pattern occurred with the decay of spots J and K. If
these spots were simply shrinking, the maximum brightness
should have remained roughly constant while the amplitude
decayed and the minimum brightness should have increased.
If, however, these very large spots were drawn out longitudinally by differential rotation and maintained a roughly constant total area during this process as suggested in the model
for starspot lifetimes by Hall & Busby (1990), then the mean
magnitude of the star would have remained roughly constant
while the amplitude decreased, which is essentially what is observed. In any case, these observations suggest some rearrangement of spots must be taking place as the amplitude of
the light variation decreases.
5.3. Spot Properties
The rotation periods of spots A through K are listed in Table
9. The standard deviation of a single point on the migration
curve from its straight line segment averaged 0.04 phase units
for these spots compared to the average error of 0.013 phase
units for the times of minima from the spot fits. Excluding
spots B, C, F, and L that were observed only over short time
intervals, the spot periods ranged from 6.7056 ± 0.0018 days
for spot D to 6.7356 ± 0.0021 days for spot J. The eight welldetermined spot periods ranged from 0.28% ± 0.03% shorter
than Porb to 0.17% ± 0.03% longer, for a total range of 0.45% ±
0.04%. In applying equation (3), /= 0.94 for eight spots, so
that the differential rotation coefficient k = 0.005 ± 0.001.
Spot radii calculated from the maximum photometric amplitudes and measured lifetimes are given in Table 9. Maximum size for the spots on II Peg ranged from 13° to 35°. The
observed lifetimes ranged from as short as several months for
spot F to over 6 yr for spot A. Only minimum lifetimes can be
given for spots A, B, and K, while we make no attempt to estimate the lifetime of spot L, observed so far at only one epoch.

Maximum
(mag)

Mean
(mag)

rms
(mag)

7.414 + 0.008

7.498

0.019

7.392 + 0.020

7.493

0.033

7.469 + 0.005

7.518

0.011

7.481 +0.006

7.551

0.011

5.4. Long-Term Photometric Cycles
Figure 13, based entirely on photoelectric data now spanning nearly 20 yr, clearly shows that there are long-term
changes in maximum and mean magnitudes of II Peg. Longterm variability had been noticed by Hartmann, Londono, &
Phillips ( 1979) in measurements of photographic plates taken
between 1900-1951 and 1968-1977. They noted that II Peg
seemed essentially constant in mean light prior to about 1945
and that changes in mean light of ~0.3 mag began to occur
after 1945. It is important to note, however, that changes similar to those observed in our Figure 13 probably would not have
been detected in their data.
The mean and maximum V magnitudes from our 37 lightcurve solutions in Table 8 have been plotted against Julian
Date in Figure 17. The mean magnitudes appear to undergo a
long-term variation of a few percent with shorter-term variations superimposed upon it. Periodogram analysis of these
mean magnitudes finds one periodicity at 4.4 ± 0.2 yr along
with a weaker one at 11 ± 2 yr. Comparison of the 4.4 yr ( 1600
day) period with the spot amplitude curves of Figure 16 and
the observed spot lifetimes in Table 9 suggests that this period
is simply a reflection of the average lifetime of the spots. The
11 yr period, however, is much longer than the lifetime of individual spots and so probably represents a different timescale.

Fig. 14.—Two-spot fit for II Peg data set 6. Spot A is located at phase
0.96 and has an amplitude of 0.18 mag. Spot D is located at phase 0.34
with an amplitude of 0.12 mag.
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Vol. 97

JULIAN DATE (2,440,000 + ...)
Fig. 15.—Migration curve of II Peg for 1973-1992 plotted from the data in Table 8. Twelve spots with lifetimes ranging from a few months to greater
than 6 yr are identified from their rotation periods.
The negative slopes of the migration curves in Figure 15
demonstrate that most spots on the K-type primary rotate with
periods somewhat shorter than the orbital period of the system,
but two spots, C and J, have longer periods. Note that the time
interval between the formation of C and J is equal, within the

errors involved, to the 11 yr mean magnitude variation and the
epochs of their formation coincide in time with the maximum
of that 11 yr variation. This behavior may be analogous to the
progression of sunspot latitudes toward the equator during the
11 yr sunspot cycle that manifests itself in the butterfly dia-

JULIAN DATE (2,440,000 + ...)
Fig. 16.—Spot amplitudes in V vs. time for II Peg from the data in Table 8. Spots A and B existed prior to the beginning of our observations. Spot G
reached the unusually large amplitude of 0.45 mag. Spot K had nearly dissipated at the conclusion of our observations while spot L had just formed.
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TABLE 9
Starspot Properties for II Peg
Spot
A.
B .
C.
D.
E .
F .
G.
H.
I ..
J ..
K.
L.

Period
(days)

AP/P

Maximum Amplitude
(mag)

Radius

r(obsv)
(yr)

6.7189 ± 0.0004
6.7015 ±0.0015
6.7446 ± 0.0028
6.7056 ±0.0018
6.7124 ±0.0019
6.6890 ± 0.0276
6.7164 ±0.0018
6.7218 ±0.0031
6.7213 ± 0.0033
6.7356 ±0.0021
6.7068 ± 0.0028

-0.079% ± 0.006%
-0.337 ± 0.022
+0.304 ± 0.042
-0.276 ± 0.027
-0.175 ± 0.028
-0.523 ±0.410
-0.116 ± 0.027
-0.035 ± 0.046
-0.043 ± 0.049
+0.170 ±0.031
-0.259 ± 0.042

0.306 ± 0.009
0.126 ± 0.024
0.234 ±0.021
0.204 ±0.018
0.135 ± 0.016
0.064 ± 0.006
0.454 ±0.018
0.173 ±0.011
0.223 ±0.014
0.368 ± 0.020
0.290 ±0.014
0.173 ± 0.009

28!6
18.5
25.1
23.4
19.2
13.3
34.7
21.6
24.5
31.3
27.9
21.6

>6.1
>0.8
0.9-5.0
4.0-6.8
2.40.3-1.4
3.6-4.9
2.41.3-2.8
2.8-4.6
>3.1

gram. This result should be viewed with caution, however,
since spot C was observed at only two epochs.

1989; Rodono et al. 1986, 1987; Andrews et al. 1988). Others
have fit asymmetric line profiles by the technique of Doppler
imaging ( Vogt & Penrod 1983; Vogt 1988; Donati et al. 1992).

6. V711 TAU
The photometric variability of HR 1099 was discovered in
1975 by Landis & Hall ( 1976) and subsequent photometry has
been presented in a large number of papers, as our Table 10
shows. The most recent paper making reference to most of
these was Mohin & Raveendran ( 1993b). In addition to the
~0.2 mag variation produced by rotational modulation, there
has been a ~0.1 mag variation in the mean brightness on a
longer (approximately decade) timescale, discussed most recently by Dorren & Guinan (1990), Rodono & Cutispoto
(1992), and Mohin & Raveendran (1993b). The ellipticity
effect contributes another component to the photometric variability, but only 0.017 ± 0.006 mag in Vpeak to peak, as established by Henry & Hall (1991b). And flaring, on a timescale of
hours, has been observed to produce a peak amplitude of 0.4
mag in Fand 0.7 mag in i? ( Henry & Hall 1991a).
There have also been many papers dealing with spectroscopy
of V711 Tau. Bopp & Fekel (1976) were able to make use of
the physically associated yet noninteracting visual companion,
the V = 8.33 K3 V star ADS 2644B 6" distant from Y711 Tau,
to estimate the age of the system as 2 X 109 yr. Fekel (1983)
published an updated spectroscopic orbit for V711 Tau and,
using the age just mentioned along with other considerations,
estimated the orbital inclination to be i = 33° ± 2°. The masses,
radii, and equatorial rotation velocities of both components
were then determined to be A/j = 1.4 ± 0.2 solar masses, M2 =
1.1 ±0.2 solar masses, Rx = 3.9 ± 0.2 solar radii, R2= 1.3 ±
0.2 solar radii, = 70 ± 4 km s-1, and u2 = 24 ± 4 km s-1,
where subscript 1 refers to the brighter, more massive, more
evolved, and more active K1 star now filling more than 80% of
its Roche lobe. The i = 33° estimate has been confirmed by
Henry & Hall (1991b), and the elements of Fekel’s spectroscopic orbit have been confirmed, and improved, by Donati et
al. (1992).
There have been several attempts to derive maps of the surface brightness distribution at various epochs. Some have fit
photometric light curves with various dark-spot models
( Dorren et al. 1981 ; Dorren & Guinan 1982a; Kang & Wilson

6.1. Observations
Over 1600 photometric observations in Johnson V and over
1200 in Johnson B, covering the years 1975-1993, were collected from the literature and obtained with our automatic
telescopes. Table 10 lists the individual sources of this photometry. Most observers and both automatic telescopes used
10 Tau = HR 1101 (F=4.28,
V = 0.58) as a local comparison star, and all observers included the visual companion
of V711 Tau in their photometer diaphragm when measuring
V711 Tau. All observations were converted to differential magnitudes compared to 10 Tau. Most observations listed in Table
10 are means of (usually) three differential measures and have
been corrected for extinction and transformed to the Johnson
system. The V observations are plotted against Julian Date in
Figure 18 and cover a time span of over 18 yr. The check star

7.1 ■

3
i

73

"

75

;

*

•

:

7.6 1
1 1
1
7.72000
I—1—,—'—’—
—^—1—'—
—^—1—
3000
4000
5000 — — 6000
7000
8000
JULIAN DATE (2,440,000 + ...)

1

9000

Fig . 17.—Maximum and mean Vmagnitudes of II Peg vs. time for the
37 spot fits in Table 8. Open circles represent the unspotted magnitudes
(shifted upward by 0.1 mag), and closed circles represent mean magnitudes. Periods of 4.4 ± 0.2 yr and 11 ± 2 yr are found in the data.
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TABLE 10
Sources of Photometry for V711 Tau

JD Range
(2,440,000+)
2,459-2,848
3,008-3,211
3,169-3,217
3,373-3,550
3,423-3,499
3,429-3,430
3,560-3,589
3,794-4,693
3,860-4,974
3,907-3,952
4,207-4,678
4,866-5,046
4,987-4,993
5,253-5,393
5,629-7,159
7,115-9,066

No. of
V

No. of
B

Source

57
49
20
56
9
4
26
273
24
14
65
71
6
152
311
471

12
...
20
...
9
4
...
179
24
...
65
55
6
124
310
480

Boppetal. 1977
Landis et al. 1978
Parthasarathy et al. 1981
Bartolini etal. 1978
Rodonô 1978
Sarmal978
Chambliss et al. 1978
Bartolini etal. 1983
Lloyd-Evans & Koen 1987
Chambliss & Detterline 1979
Mekkaden etal. 1982
Rodonô etal. 1986
Rucinski 1983
Andrews etal. 1988
Boyd et al. 1990; 0.25 m APT
This paper; 0.4 m APT

12 Tau = HR 1115 (F = 5.57, B — V = 0.94) was observed
each night by the 0.4 m automatic telescope. The standard deviation of the nightly mean differential observations between
10 Tau and 12 Tau from the seasonal means averaged 0.009
mag in F, and there were no significant variations between the
seasonal means. Thus, the comparison star is effectively constant over all timescales.
6.2. Light-Curve Fitting and Starspot Evolution
Before analyzing the data, we repeated the Fourier analysis
of Henry & Hall (1991b), who detected the presence of a small

ellipticity effect in 7 yr of the APT data, with our entire 18 yr
data set in order verify the reality of the ellipticity effect and
refine its amplitude. Our new results agreed completely with
the earlier analysis. The ellipticity variation, with a full amplitude of 0.016 ± 0.003 mag in F, was therefore removed from
our data set before dividing the F observations into 55 data sets
to be analyzed with our two-spot model. Because of V711
Tau’s relatively short 2.8 day rotation period, 10-20 rotation
cycles were generally required for each data set to fill out the
phase curve. The divisions between data sets were chosen, as
always, to avoid significant changes in the light curve within
the data sets. The Julian Dates of observation were converted
to orbital phases with the ephemeris
JDconj = 2,442,766.08 + 2.83774E’

(7)

from Fekel ( 1983) where the conjunction is the one with the
K1 star closest to earth. The parameters from the 55 two-spot
fits are given in Table 11. The average error of all times of spot
minimum is 0.06 days or 0.021 phase units. The maximum
and mean magnitudes have been converted into apparent magnitudes with F = 4.28 for the comparison star. The rms deviations of the observations from the spot fits ranged from as small
as 0.005 mag to as large as 0.028 mag, compared to the standard deviation of 0.009 mag for the check star observations
noted above. Spot fits with the larger rms errors may indicate
small short-term changes of the light curve within a data set.
The two-spot fit for data set 10 is shown in Figure 19.
The migration and amplitude curves of the spots found in
the 55 data sets in Table 11 are plotted in Figures 20 and 21,
respectively. Our interpretation of these curves reveals 15
different spots (A through O) over the 18 yr interval of the

Fig. 18.—1973-1993 Flight curve of V711 Tau from the data in Table 10. Each point is the mean of usually three differential observations in the sense
of V711 Tau minus 10 Tau. The 2.8 day rotational modulation is too compressed to be seen at this scale, but long-term changes in spot amplitude and mean
magnitude are easily seen.
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TABLE 11
Parameters of the Two-Spot Fits for V711 Tau
DataSet

Mean
Epoch

n

1

1975.93

18

2

1976.08

18

3

1976.16

19

4

1976.76

21

5

1976.90

14

6

1977.13

29

7 ,

1977.76

42

8 ,

1978.01

21

9 .

1978.17

26

10 .

1978.94

45

11 .

1979.15

22

12 .

1979.82

22

13 .

1979.94

40

14 .

1980.03

34

15 .

1980.11

38

16 .

1980.19

23

17 .

1980.73

14

18 .

1980.82

32

19 .

1980.98

26

20 .

1981.09

22

21 .

1981.19

21

JDmin
(2,440,000+)

Amplitude
(mag)

2,757.10 ± 0.05
2,756.32 ± 0.03
2.808.00 ± 0.07
2.807.28 ± 0.05
2.838.98 + 0.07
2,838.37 ± 0.07
3.057.46 ± 0.06
3,056.81 +0.04
3.108.46 + 0.08
3.107.85 + 0.14
3.193.80 + 0.08
3,193.13 + 0.07
3,423.76 ± 0.05
3.423.01 +0.09
3,514.64 + 0.10
3,513.95 + 0.18
3,571.57 + 0.06
3.570.93 ± 0.07
3,855.67 + 0.02
3.854.98 + 0.03
3,929.49 ± 0.04
3.928.90 ± 0.05
4.176.94 + 0.04
4.178.86 + 0.04
4.216.45 + 0.04
4,218.60 + 0.04
4,250.61+0.10
4.252.81 +0.08
4.278.90 ± 0.04
4,281.04 + 0.06
4,307.54 ± 0.09
4.309.46 ± 0.06
4,503.06 ± 0.05
4.504.28 ± 0.04
4.539.98 + 0.05
4.540.98 ± 0.08
4.596.94 ± 0.07

0.060 + 0.008
0.098 ± 0.007
0.070 + 0.010
0.080 + 0.010
0.057 ± 0.009
0.056 + 0.009
0.063 + 0.012
0.096 + 0.013
0.090 + 0.028
0.061 +0.022
0.054 + 0.012
0.077 + 0.011
0.062 + 0.009
0.032 + 0.007
0.053 + 0.018
0.047 + 0.014
0.045 ± 0.008
0.042 + 0.007
0.142 + 0.010
0.094 + 0.010
0.147 + 0.014
0.096 + 0.016
0.100 + 0.013
0.133 + 0.011
0.090 + 0.010
0.098 ± 0.009
0.054 + 0.018
0.100 + 0.012
0.084 + 0.010
0.079 + 0.011
0.048 + 0.015
0.084 + 0.014
0.034 ± 0.005
0.031 +0.005
0.037 ± 0.007
0.026 ± 0.006
0.024 ± 0.006

Spot
A
B
A
B
A
B
A
B
A
B
A
B
C
D
C
D
C
D
C
D
C
D
C
D
C
D
C
D
C
D
C
D
C
E
C
E
C

Maximum
(mag)

Mean
(mag)

rms
(mag)

5.785 +0.005

5.834

0.010

5.775 ± 0.005

5.821

0.011

5.780 ± 0.004

5.815

0.010

5.770 + 0.007

5.819

0.014

5.780 + 0.010

5.826

0.017

5.778 ± 0.007

5.819

0.018

5.807 + 0.005

5.836

0.015

5.797 ± 0.005

5.828

0.013

5.808 + 0.004

5.834

0.010

5.748 + 0.005

5.822

0.015

5.721 +0.006

5.797

0.016

5.747 ± 0.006

5.820

0.017

5.754 + 0.005

5.813

0.013

5.743 ± 0.007

5.791

0.023

5.739 + 0.004

5.790

0.014

5.763 + 0.011

5.804

0.017

5.776 + 0.004

5.796

0.005

5.788 + 0.005

5.807

0.010

5.808 + 0.003

5.815

0.011

5.830 ± 0.006

5.830

0.027

5.805 + 0.005

5.824

0.018

5.782 ± 0.005

5.823

0.012

22 .

1981.75

39

23

1981.87

21

24

1982.04

22

4,676.94 =
4,878.81 :
4,877.99 :
4,923.93 =
4,923.14:
4,986.17 =

0.06
0.06
0.04
0.05
0.05
0.10

0.061+0.010
0.046+0.007
0.085+0.006
0.060 ± 0.008
0.063 ± 0.007
0.052 + 0.021

E
F
E
F
E
F

5.777 ± 0.006

5.815

0.011

5.795 ± 0.008

5.810

0.028

25 ..

1982.86

25

5,283.98 ± 0.04

0.054 ± 0.005

F

5.762 ± 0.003

5.778

0.013

26 ..

1983.03

49

5,346.44 ± 0.04

0.030 + 0.004

F

5.773 + 0.003

5.781

0.011

27 ..

1983.12

59

5,377.42 ± 0.04

0.046 ± 0.004

5.762 ± 0.003

5.775

0.014

28 ..

1983.84

29

5.749

0.005

1983.93

58

5.709 + 0.004

5.757

0.013

30 ..

1984.01

26

5.723 + 0.014

5.773

0.025

31 ..

1984.12

31

5.713 + 0.004

5.759

0.012

32 ..

1984.80

40

5.691 +0.004

5.760

0.012

33 ..

1984.95

19

0.069 : : 0.004
0.060 : : 0.005
0.083 = : 0.006
0.068 : : 0.005
0.087 : : 0.022
0.075 : : 0.022
0.065 = : 0.008
0.085 = : 0.008
0.105 = : 0.007
0.114: 0.008
0.075 = 0.012
0.087 d 0.012

5.708 ± 0.003

29 ..

5,644.31 : : 0.02
5,644.95 : 0.03
5,675.55: 0.03
5,676.28 : 0.04
5,706.79: 0.07
5,707.57: 0.09
5,743.57: 0.04
5,744.23 : 0.04
5,993.19: 0.02
5,993.93 = 0.02
6,047.22 : 0.07
6,047.82 = 0.05

5.710 + 0.007

5.760

0.012

G
H
G
H
G
H
G
H
G
H
G
H
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TABLE 11—Continued
Data Set

Mean
Epoch

34

1985.09

15

35

1985.66

21

36

1985.77

36

37

1987.11

10

38

1987.79

11

39

1987.92

26

40

1988.09

25

41

1988.74

40

42

1988.85

35

43

1988.95

25

44

1989.05

20

45

1989.15

15

46

1989.74

39

47 .

1989.85

40

48 .

1989.97

48

49 .

1990.11

25

50 .

1990.84

51 .

Maximum
(mag)

Mean
(mag)

rms
(mag)

5.701 +0.005

5.752

0.010

5.742 ± 0.005

5.787

0.011

5.760 ± 0.003

5.783

0.009

5.736 ± 0.006

5.767

0.010

5.780 ± 0.004

5.789

0.006

5.769 + 0.004

5.783

0.012

5.781 +0.003

5.795

0.011

5.775 ± 0.004

5.802

0.010

5.776 + 0.005

5.815

0.010

5.813 + 0.008

5.841

0.012

5.792 ± 0.004

5.828

0.009

5.781+0.016

5.822

0.025

5.745 + 0.005

5.788

0.014

5.743 + 0.003

5.780

0.010

5.739 ± 0.005

5.764

0.016

5.752 + 0.006

5.772

0.024

5.780 + 0.005

5.805

0.014

M

5.770 + 0.005

5.788

0.011

0.066 + 0.010

M

5.783 + 0.005

5.804

0.014

0.051 ±0.006
0.031 +0.006
0.054 ± 0.004
0.046 ± 0.005
0.036 + 0.011
0.041+0.010

N
O
N
O
N
O

5.800 + 0.004

5.825

0.008

5.806 + 0.003

5.836

0.007

5.825 ± 0.007

5.849

0.013

JDmin
(2,440,000+)

Amplitude
(mag)

Spot

6,101.09: : 0.09
6,101.77: : 0.04
6,305.49 : : 0.05
6,306.13: : 0.05
6,348.28 : : 0.09
6,348.78 : : 0.06
6,837.98 : 0.09
6,836.96 : 0.14
7,087.18: : 0.15
7,086.41 : 0.09

0.058 : : 0.013
0.108: : 0.013
0.068 : : 0.009
0.077 : : 0.011
0.036 : : 0.008
0.041 : : 0.008
0.043 : 0.010
0.056 : : 0.009
0.014: : 0.077
0.022 : : 0.009

G
H
G
H
G
H
I
J
I
J

7,131.87 + 0.05

0.047 ± 0.007

7,194.32:
7,434.66 :
7,435.70:
7,471.43:
7.472.51 :
7,508.28 :
7,509.57 :
7,545.10:
7,546.24 :
7.582.09 :
7,583.18 :
7.797.52 :
7,798.43 :
7.840.09 :
7,840.76 :
7,882.65 :
7,883.23 :

0.05
0.03
0.04
0.03
0.04
0.06
0.08
0.03
0.05
0.09
0.11
0.03
0.04
0.04
0.04
0.13
0.07

0.046 ± 0.006
0.051 ± 0.005
0.037 ± 0.005
0.071 ± 0.006
0.055 ± 0.006
0.053 ±0.012
0.035 ±0.010
0.068 ± 0.007
0.048 ± 0.007
0.064 ± 0.024
0.068 ± 0.026
0.082 ± 0.009
0.057 ± 0.008
0.055 ± 0.006
0.061 ± 0.006
0.026 ±0.011
0.056 ±0.012

J
K
J
K
J
K
J
K
J
K
J
K
L
K
L
K
L

20

7,931.21+0.08
8,198.62 + 0.03

0.066 + 0.013
0.080 + 0.010

L
M

1990.98

14

8,252.33 + 0.04

0.060 + 0.010

52 .

1991.11

19

8.297.85 ± 0.04

53 .

1992.75

26

54 .

1992.91

29

55 .

1993.13

18

8,898.30 + 0.03
8,897.42 ± 0.06
8.954.85 +0.04
8,954.00 ± 0.04
9,039.55 + 0.12
9,038.80 + 0.10

observations. Each spot in the migration curve is represented
by a straight line segment, which again implies a constant rotation speed for each starspot throughout its lifetime. Two spots
are required to fit the majority of the data sets; no spots were
required for data set 20 (after rectification for ellipticity)
though its rms deviation from a straight line fit was slightly
larger than most. Many of the spots seem to appear in pairs ( AB, C-D, E-F, G-H, N-O) at slightly different longitudes
(phases) but at approximately the same latitude (since their
slopes in the migration curve of Fig. 20 are similar). In addition, their amplitude curves in Figure 21 are very similar.
While the broad minima in the light curves during these intervals require two spots to fit them, the frequent apparent spot
pairing suggests that our simple two-spot model may_have

difficulty fitting a single spot as it transits the disk center at the
high latitudes visible because of the low inclination of 33°. Our
Figure 1 illustrates how the minimum in the light curve of a
spot becomes broader as the inclination decreases. Alternatively, we could be seeing spots or spot groups somewhat elongated in longitude. Our model, however, gives us little choice
in the requirement for two spots if we want an acceptable fit to
the light curve, and we present the migration and amplitude
curves accordingly. We also note that spot pairs seem to appear
at all latitudes (periods) in the migration curve, not just at the
high latitudes; this would argue for the reality of the spot pairs.
Vogt’s ( 1988) Doppler image for 1984 reveals a low-latitude,
bipolar spot that may correspond to our spots G and H. There
are certainly times when two spots must be present, such as
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Fig. 19.—Two-spot fit for V711 Tau data set 10. Spot C is located at
phase 0.96 and has an amplitude of 0.14 mag. Spot D is located at phase
0.72 with an amplitude of 0.09 mag.
when the two spots are well separated in longitude and two
distinct minima appear in the light curve or when the two spots
are located at very different latitudes and therefore migrate at
significantly different rates (or even in different directions)
through the light curve. In any case, our results presented below on differential rotation, spot lifetimes, and magnetic cycles
would not be greatly altered if our two-spot interpretation is
incorrect at some epochs.
There are, as with the three stars discussed previously in this
paper, minor ambiguities in the interpretation of the migration

537

and amplitude curves. For example, the last three points in the
migration curves of spots A and B might belong to the migration curves of spots C and D, respectively. Similarly, the transition from spot F to spot G might occur somewhat earher. In
some cases, the amplitude curve aids in making a decision; in
others it is difficult to arrive at a preference. A somewhat unusual circumstance occurs with spot E. Table 11 shows spot E to
be in existence both before and after data set 20, when no spots
were detected. The mean brightness of V711 Tau remained
quite depressed during that epoch, however, even though no
significant modulation was evident in the light curve. We presume that spots were fairly uniformly distributed in longitude
at that time and that spot E was still present, though not discernible, in data set 20. Therefore, since the migration curve
certainly implies the same migration rate both before and after
data set 20, we construct the migration curve of spot E by connecting all five points rather than breaking it after the second
point. These additional minor uncertainties would still not significantly alter our conclusions presented below.
Many of the changes in the light curve of V711 Tau documented in previous studies can be traced to the spot evolution
depicted in Figures 20 and 21. When Landis et al. (1978)
found the minimum in the newly discovered variable’s light
curve to be migrating slowly toward decreasing phase, they
were observing the combined effects of spots A and B both rotating somewhat faster than synchronously. These two spots
disappeared shortly thereafter, and spots C and D, located at a
different and more slowly rotating latitude, caused the change
in photometric period and reversal of migration direction detected by Parthasarathy, Raveendran, & Mekkaden (1981).
Their rotation period agrees very closely with the periods of

Fig. 20.—Migration curve of V711 Tau between 1973 and 1993 plotted from the data in Table 11. Fifteen separate spots are identified from their
rotation periods.
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Fig. 21.—Spot amplitude curve for V711 Tau from the data in Table 11. Spot lifetimes averaged between 1.5 and 2.0 yr.
spots C and D given below in Table 12. The increase in the
amplitude of the light curve to 0.2 mag (the largest observed so
far) was due to the rapid growth of these same spots and occurred shortly after the great radio flare of 1978 February. The
two-spot solutions of Dorren et al. ( 1981 ) for 1977-1978 and
1979 both occur within the time interval spanned by our spots
C and D. They accounted for most of the growth in the amplitude of the light curve during this interval by moving the spots
in the 1979 solution to lower latitude where they were more
effectively carried out of view. However, since our migration
curve shows no change in rotation period during this same
time, a major shift in spot latitude seems unlikely. Mekkaden,

Raveendran, & Mohin ( 1982) suggested that most of the amplitude growth at this time was due to an increase in the maximum brightness V711 Tau. Our more complete data set shows
that not only was the maximum brightness increasing, but also
the minimum brightness was decreasing. Thus, in the absence
of a period (latitude) change, the amplitude increase must
have been due both to real growth of spots C and D and to
decay of spots on the opposite hemisphere of V711 Tau. Therefore, as noted previously for II Peg, there is surely more happening on V711 Tau than can be accounted for by our simple
model, and we will return to this question in the final section
of this paper.

TABLE 12
Starspot Properties for V711 Tau
Spot
A.
B.
C.
D.
E .
F .
G.
H.
I ..
J ..
K.
L.
M
N.
O.

Period
(days)

àP/P

Maximum Amplitude
(mag)

Radius

r(obsv)
(yr)

2.8357: 0.0011
2.8364: 0.0007
2.8406 : : 0.0004
2.8412: : 0.0002
2.8308 : : 0.0006
2.8345 : 0.0008
2.8380: : 0.0004
2.8374: 0.0004
2.8318: 0.0028
2.8380: 0.0004
2.8356 : 0.0003
2.8258 : 0.0013
2.8351 : 0.0053
2.8245 : 0.0012
2.8273 : 0.0006

-0.072% ± 0.039%
-0.047 ± 0.025
+0.101 ±0.014
+0.122 ± 0.007
-0.245 ±0.021
-0.114 ± 0.028
+0.009 ±0.014
-0.012 ±0.014
-0.209 ± 0.099
+0.009 ±0.014
-0.075 ±0.011
-0.421 ± 0.046
-0.093 ±0.187
-0.467 ± 0.042
-0.368 ±0.021

0.090 ± 0.028
0.098 ± 0.007
0.147 ± 0.014
0.133 ± 0.011
0.085 ± 0.006
0.060 ± 0.008
0.105 ± 0.007
0.114 ± 0.008
0.043 ± 0.010
0.068 ± 0.026
0.082 ± 0.009
0.066 ± 0.013
0.080 ± 0.010
0.054 ± 0.004
0.046 ± 0.005

19?7
20.4
24.6
23.5
19.1
16.2
21.1
21.9
13.8
17.3
18.8
16.9
18.6
15.4
14.5

>1.4
>1.4
3.3-3.9
2.51.21.52.0-3.9
2.0-3.9
0.8-2.0
2.21.30.5-1.6
0.4-2.5
>0.5
>0.5
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The secondary minimum discovered by Bartolini et al.
( 1983) in late 1980 was the result of the emergence of the new
spot E after the decay of spot D but while spot C was still detectable on the opposite hemisphere. They observed that these
two minima were migrating in opposite directions, in
agreement with our migration curve that shows spot E to have
a much shorter period than spot C. Kang & Wilson’s (1989)
spot solutions from 1975 through 1981 can all be identified
with our spots A through E, although they interpreted their
migration curve as due to only two long-lived spots migrating
directly as opposed to our five spots exhibiting migration in
both directions. The two spots modeled with the photometry of
Rodonô et al. ( 1986), at quite different latitudes, correspond
nicely to our spots E and F. In a very recent paper, Mohin &
Raveendran (1993b) interpret the migration curve of V711
Tau from 1975 to 1991 as the result of only two active latitude
regions, giving rise to only two straight line segments in the
16 yr migration curve. The resulting residuals (between their
observed phases of minimum and their linear fits) are several
times larger than ours and are much larger than typical measurement errors in the phases of minimum and so probably
indicate a great oversimplification in their interpretation.
The “polar” and “equatorial” spots found in Vogt & Penrod’s ( 1983) Doppler images for fall 1981 correspond to our
spots E and F, respectively, and agree fairly well with the spots
of Rodonô et al. ( 1986). The polar spot’s appendage seen in
the Doppler image extended down to +30° latitude and caused
the light modulation that allowed its detection in our photometry. The equatorial spot was centered at the slightly lower latitude of + 12°. Our migration curve shows spot F to be rotating
slightly (perhaps not significantly) more slowly than spot E.
The spots Doppler-imaged by Donati et al. (1992) at two
different epochs can also be reconciled with our migration
curve. Their 1988.9 temperature map shows a large, asymmetrical polar spot 1000 K cooler than the photosphere with the
greatest elongation toward phase 0.07 extending down to +40°.
This elongation was modeled as our spot K. The same temperature map shows two slightly warm regions between +20° and
+25° located roughly opposite where our two-spot model
placed spot J. The 1990.9 temperature map of Donati et al.
( 1992) shows a large, cool polar spot that apparently fails to
modulate the light curve significantly. Another cool spot at
phase 0.33 sits just above the equator at +10° and is clearly
our spot M, the only spot we detect in our photometry at that
epoch.
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In the previous section we identified two of our spots (E and
K) with polar spots in Doppler images and three (F, J, and M)
with lower latitude spots in the Doppler images. While a
smooth trend of spot period with latitude is not seen in these
limited data, AF/P averages -0.160 for the polar spots and
-0.066 for the lower latitude spots. This implies a trend of rotation with latitude in the opposite sense from that found in
the Sun; i.e., high-latitude spots rotate faster than low-latitude
spots. Clearly, more coordinated photometry and Doppler imaging are required to derive the differential rotation law for
V711 Tau explicitly with confidence.
Spot radii corresponding to the maximum spot amplitude
and measured spot lifetimes are given in Table 12. The maximum spot amplitudes were first scaled up to account for dilution of the light from the Kl IV primary by the G5 IV-V spectroscopic and the K3 V visual companions (Henry & Hall
1991b) before calculating the maximum spot radii. Maximum
size for the spots on V711 Tau ranged from 14° to 25°. The
observed spot lifetimes ranged from as short as several months
for spots L and M to over 3 yr for spot C. Minimum lifetimes
are assigned to spots A, B, N, and O since we did not observe
their entire life cycles.
6.4. Long-Term Photometric Cycles
With photometric data on V711 Tau now covering 18 yr, it
is possible to say something about the presence of a long-term
cycle on this star. The mean and maximum V magnitudes
from our 55 spot solutions in Table 11 have been plotted
against Julian Date in Figure 22.
Like II Peg, the mean brightness appears to undergo a longterm variation with an amplitude of a few hundredths of a
magnitude, with shorter-term variations superimposed upon
it. Periodogram analysis of these mean magnitudes found a periodicity at 5.5 ± 0.3 yr and a weaker one at 16 ± 1 yr. The
5.5 yr (2000 day) variation was first suspected as a periodic
modulation in spot amplitude by Mekkaden et al. ( 1982), and
5.5

5.6 -

6.3. Spot Properties
5.8 The rotation periods of spots A through O are listed in Table
12. The standard deviation of a single point on the migration
curve from its straight line segment averaged 0.032 phase units
for the 15 spots compared to the average error of 0.021 phase
units for the times of minima from the two-spot fits. The
spot periods ranged from 2.8245 ± 0.0012 days for spot N to
2.8412 ± 0.0002 days for spot D, or from 0.47% ± 0.04%
shorter than Porb to 0.12% ± 0.01% longer, for a total range of
0.59% ± 0.04%. For 15 spots, /= 0.981 in equation (3), and
the differential rotation coefficient k = 0.0060 ± 0.0004.

5.9 3000

4000

5000
6000
7000
JULIAN DATE (2,440,000 + ...)

8000

9000

Fig. 22.—Maximum and mean V magnitudes of V711 Tau vs. time
for the 55 spot fits in Table 11. Open circles represent the unspotted magnitudes (shifted upward by 0.1 mag), while closed circles represent mean
magnitudes. Periods of 5.5 ± 0.3 yr and 16 ± 1 yr are found in the data.
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this variation has continued to the present time. Figure 21 suggests that the largest spot amplitudes are associated with every
other pair of spots and that the intervals between the peak amplitudes of spot pairs C-D, G-H, and K-L are clearly the source
of the 2000 day variation. The 16 yr variation, however, is
much longer than individual spot lifetimes (which average
only a year or so) and therefore probably a manifestation of a
fundamentally different cycle that modulates the mean brightness (of the K1 star). Of course, many more years of observation will be required to determine if this effect is truly cyclic.
The maximum brightness in Figure 22 is also clearly variable
and appears correlated with the spot amplitudes from Figure
21; we discuss this further in the final section of the paper.
If a long-term cycle is operating in the K1 star and if it is
akin to the Sun’s 11 yr cycle, then one might anticipate other
signatures of such a cycle. One example would be a migration
of spots in latitude, something suggested by Vogt & Penrod
( 1983). We see no evidence for this in our migration curve in
Figure 20, neither for individual spots (since each one retains
its constant rotation period throughout its lifetime ) nor for any
progression of spot latitudes (that would appear as a smooth,
long-term progression of spot periods).

ness, the sort of evidence developed in this paper. Second, we
may invoke various sorts of spectroscopic evidence.
We have placed measured brightness of these four stars on
a common photometric scale and thus can accurately define
relationships between the amount of rotational light variation
and maximum, minimum, and mean brightnesses for a significant number of chromospherically active stars. Such relationships are given in Figures 23-26. These graphs show two
types of behavior. X And, for instance, has roughly the same
maximum brightness regardless of how much its light varies.
As the amplitude increases, the brightness of the star drops.
Increasing light variation in this case would be caused by an
increase in the area covered by the large spots, a Gem, II Peg,
and perhaps V711 Tau behave differently. For them, the mean
brightness remains roughly constant. As the amplitude of variation increases, maximum brightness increases and minimum
brightness drops. This behavior implies a rearrangement of an
essentially constant amount of dark spot area. To see how general these behaviors are, we have searched the literature for
other examples of each type. We find three likely examples of
stars that behave like X And, viz., BM CVn (Strassmeier et al.

7. DISCUSSION
We have determined properties of a significant number of
starspots on four well-observed chromospherically active stars.
We shall use these results, combined with spectroscopic and
further photometric evidence from the literature, to discuss the
nature of spots, to update our knowledge of properties of the
spots, and to look for evidence of magnetic cycles. Section 7.1
discusses the nature of spots and whether they can validly represent variations of chromospherically active stars. Section 7.2
examines the Rossby number as the determinant of spottedness. Section 7.3 derives a relationship between differential rotation and mean rotation rate for a wide variety of spotted
stars. Starspot lifetimes are reviewed in § 7.4, and the evidence
for active longitudes is examined in § 7.5. Finally, we review
the evidence for long-term magnetic cycles in chromospherically active stars in § 7.6.

s

7.1. Validity ofthe Spot Model
Explaining the fluctuating brightness of chromospherically
active stars with dark spots may be questioned in three ways.
First, one may still wonder whether the light variation is caused
solely by dark magnetic spots, analogous to sunspots, in contrast to bright plages 180° away in longitude. Second, if the
spots are actually dark, are they really the few large areas that
we assume in our curve-fitting procedure? The two-spot model
fits the data remarkably well, but there are indications that it is
incomplete; so what are we actually measuring? Third, could
the philosophical basis of the spot model, the solar analogy,
be so completely wrong that we have misidentified the basic
components of the stellar surface? An alternative is the suggestion that what we take to be unspotted photosphere is actually
the highly magnetic fraction of a star’s surface—that what we
identify as dark spots are instead dark, cool patches of unmagnetic photosphere.
So how can we answer the three questions of validity? First,
we may argue from the long-term behavior of a star’s bright-

5
S

0.05

0.10

0.15
AMPLITUDE

0.20

0.25

Fig. 23.—Maximum, minimum, and mean brightnesses (in differential V magnitudes) of X And vs. the V light-curve amplitudes (in
magnitudes) for the 31 epochs of our two-spot fits. Most of the growth in
amplitude for X And is the result of a decrease in the light-curve minima
(increase in the size and/or number of spots on the darker hemisphere)
with a corresponding decrease in mean brightness (mean level of
spottedness) as the amplitude increases.
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overall activity. We have surveyed existing long-term studies
of UV emission lines from the high-temperature transition regions and the upper chromosphere and at Lya, Mg H h and k,
Ha, and Ca il H and K and find the anticorrelation absent at
some epochs, weak or marginal at others, “clear” or “dramatic” at several, but few if any cases where there was correlation in the opposite sense. References are Weiler (1975),
Weiler et al. ( 1978 ), papers in the series following Hall (1978),
Vogt (1981a), Ramsey & Nations (1984), Rodonô et al.
( 1986, 1987), Andrews et al. ( 1988), Doyle ( 1988), Doyle et
al. ( 1989, 1993 ), Dorren & Guinan ( 1990 ), and Mohin & Raveendran (1993a, b). The best evidence comes from X And,
simply because it has appropriate observations (Bahúnas &
Dupree 1982; Henry & Bahúnas 1994). Observations of Ca n
made in the Mount Wilson H-K project are strongly anticorrelated with visual brightness throughout 9 yr of observation,
but especially in 1990-1991, the epoch with the largest light
variation (Fig. 27). Furthermore, the Ca n emission seems anticorrelated with the mean brightness of X And over the whole
9 yr. Other stars with evidence of association of chromospheric
emission with the dark side of the star were discussed by Baliu-

AMPLITUDE
Fig. 24.—Maximum, minimum, and mean brightnesses (in differential Vmagnitudes) of a Gem vs. the Vamplitudes (in magnitudes) for the
58 epochs of our two-spot fits. Unlike X And, growth in amplitude for a
Gem is the result of both a decrease in the light-curve minima and an
increase in the light-curve maxima with no corresponding change in mean
brightness. This implies that the amplitude changes are due more to spot
redistribution than to any change in overall level of spottedness.
ü
1989), DR Dra (Strassmeier et al. 1989), and V1817 Cyg
(Hall et al. 1990a), but eight (EI Eri, HD 212280, DQ Leo, AY
Cet, VI762 Cyg, V478 Lyr, VI149 Ori, and VI764 Cyg) that
behave more like a Gem, II Peg, and V711 Tau.
There is further evidence bearing on the validity of the darkspot model in measurements of chromospheric emission, a
long-accepted surrogate of magnetic active regions in the Sun
and similar stars. In the Sun, active regions and spots are part
and parcel. There is clear evidence that brightness is anticorrelated with Ca il H and K emission over the rotation cycle in
lower-main-sequence stars (Dorren & Guinan 1982b; Lockwood et al. 1984; Innis et al. 1988; Radick, Lockwood, & Bahúnas 1990 ). For evolved stars which are chromospherically active to an extreme degree, such as our four, there is evidence
for anticorrelation between chromospheric emission and photospheric brightness, but the observations required to establish
this anticorrelation are not as great in number nor as simple to
interpret. Even well-observed systems may not show a concentration of emission on any particular face of the star at all epochs, due to complications of sporadic emission by flares and/
or unusual behavior during extended periods of heightened

0
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0.2
0.3
AMPLITUDE

0.4
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Fig. 25.—Maximum, minimum, and mean brightnesses (in differential V magnitudes) of II Peg vs. the Vamplitudes (in magnitudes) for the
37 epochs of our two-spot fits. Like a Gem, growth in amplitude for II Peg
is due both to a decrease in the light-curve minima and an increase in the
light-curve maxima with little corresponding change in mean brightness
and implies that the amplitude changes are due more to spot redistribution
than to any change in overall level of spottedness.
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Fig. 26.—Maximum, minimum, and mean brightnesses (in differential Vmagnitudes) of V711 Tau vs. the Vamplitudes (in magnitudes) for
the 55 epochs of our two-spot fits. Like a Gem and II Peg, growth in amplitude for V711 Tau is due both to a decrease in the light-curve minima and
an increase in the light-curve maxima with no corresponding change in
mean brightness and implies that the amplitude changes are due more to
spot redistribution than to any change in overall level of spottedness.

nas ( 1988). She demonstrated, for instance, that b CrB (G3.5
III-IV) shows a strong association. This evidence for anticorrelation argues that dark spots are spatially associated with regions of enhanced chromospheric emission for at least some
chromospherically active stars. Other stars should prove similar when appropriate observations are in hand.
The idea that bright spots may cause most or all of the light
variation is easy to dismiss. Stars such as X And get fainter
when the effects of spots are more prominent. In the eclipsing
system RS CVn (Eaton 1992; Eaton et al. 1993), the surface
brightness of the spots on the K star can be compared with the
companion F star, and they prove to be cooler than the general
photosphere. Spectroscopic evidence confirms this conclusion.
Highly resolved line profiles show distortions of the sort predicted for dark spots, at phases when photometry indicates
dark spots would be present, not at the phases of corresponding
plages ( Fekel 1983). Furthermore, in the stars for which chromospheric emission is phase dependent, the emission is normally seen when a dark spot would be present, not at the rotational phase of a bright spot. Finally, molecular absorption
bands occur in active giants, such as V711 Tau and II Peg,
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when the dark spot would be most visible, indicating dark spots
(Vogt 1981a). The more difficult question is whether there is a
combination of bright plages and dark spots causing the light
variation, and this we cannot dismiss so easily. In fact, Dorren
& Guinan ( 1990) have argued that a significant facular emission contributes to the long-term light variation of V711 Tau,
and Donati et al. ( 1992 ) have found a few bright spots on V711
Tau in Doppler images. The question of bright spots must thus
remain open until we have a better theoretical understanding
of the spectral energy distributions of bright spots.
Our second question involves the nature of the dark spots
we have identified. Are they really single large coherent structures or are they groups of spots concentrated at spot-forming
regions? Doppler profiles of some spotted stars suggest smaller
spots. The eclipsing system RS CVn, for instance, seems to require a rather large number of moderately sized spots to fit
both light variation and the changing profiles of its spectral
lines (Eaton et al. 1993). Furthermore, the distribution of
these moderate spots in RS CVn automatically accounted for
changes in the brightness of the spotted component between
1991 and 1992 without recourse to a change in effective temperature. The three large spots required by the photometry
alone, in contrast, would not give the line profiles and required
a change in effective temperature. Likewise, Hatzes (1993) was
in
cvi

o

I 0

0.2

0.4
0.6
ROTATIONAL PHASE

0.8

1.0

Fig. 27.—Anticorrelation of chromospheric Ca n emission of X And
{S) with continuum brightness (AK) in 1990-1991. The H and K index S
(Vaughan, Preston, & Wilson 1978) measures flux in the chromospheric
emission lines relative to ultraviolet photospheric continuum. Flux in 2 A
bands centered on the lines is divided by flux in two 20 A flanking bands.
Most of the variation detected in £ is chromospheric. The photosphere of
the G8 star would make a small (5* ~ 0.2 ) phase-independent contribution
to the signal, while the light variation of the continuum would contribute
only an 18% change in the chromospheric signal, considerably less than
observed. The result is that surface brightness in Ca II was 40% greater
when we looked at the spotted hemisphere.
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able to resolve a relatively large number (five) of moderately
sized spots on a Gem in Doppler images for 1991-1992. All
this is evidence that photometry analyzed with a two-spot
model may be following groups of spots, at least in some cases,
instead of merely single very large spots. This could explain
why the amplitudes of a few of our spots wax and wane in ways
not expected for truly single coherent spots, which should
erupt, stay roughly constant, then dissipate. Spots A and F in
Figure 5 and spots C, H, N, and O in Figure 10 are examples of
this. The molecular absorptions associated with dark spots in
some RS CVn systems imply spot temperatures similar to spot
temperatures measured photometrically. This means most of
the dark spot is at a common, low temperature. The alternative
of an extensive warm penumbra and a small cold umbra is
inconsistent with this observation, so spots must have structures without fractionally large penumbrae. In conclusion,
whether single large spots or groups of several moderately large
spots, these spots in the solar analogy would be “very large.”
The most serious question of validity is a counterproposal
about the distribution of magnetic fields in active stars. Pettersen, Hawley, & Fisher (1992) have proposed a radically
different interpretation of the rotational modulation of light
from BY Draconis stars. In this “zebra” model, they suggest
that what we have traditionally interpreted as a dark, magnetic
spot is actually just that part of the photosphere free of magnetic fields. The surrounding magnetic photosphere, then, is
saturated with magnetic field, as suggested by spectroscopic
measurements of field strength, and the magnetism would lead
to enhanced emission and thus a higher effective temperature
than that of the nonmagnetized photosphere. Application of
the traditional dark spot model to photometry, of course, does
not distinguish between magnetic and unmagnetic spots.
A straightforward test of the zebra model is given by the
phase dependence of chromospheric emission in active stars.
The zebra model predicts that chromospheric emission would
be strongest at phases with the most active regions visible,
namely, when the star appears brightest. But this is just opposite what is observed in stars for which changes in chromospheric emission and visible light are correlated. A more recent, more direct test comes from application of the new
technique of Zeeman-Doppler imaging by Donati et al. ( 1992 )
to detect magnetic fields on V711 Tau directly. The magnetic
map for 1990.9 showed toroidal magnetic fields of order 300 G
encircling the cool polar spot seen in the corresponding temperature map and another 700 G toroidal feature in the same
approximate position occupied by the cool equatorial spot in
the temperature map. These findings demonstrate that magnetic fields are indeed spatially associated with the active (cool,
spotted) regions, at least in this one star. Other tests are much
more involved, because they require predictions of how this
model changes the atmospheric and internal structure of the
star, and these are beyond the scope of our paper.
7.2. Rossby Numbers as the Determinant
ofHeavy Spottedness
It was shown by Hall (1991a, 1994) that heavy spottedness,
evidenced by significant (>0.01 mag) photometric variability
in a large number of late-type binary and single stars with good
photometric histories, occurs when the Rossby number, Ro, is
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less than 0.65. This holds true when the convective turnover
time versus B - V relation of Gilliland ( 1985) was used for
dwarfs, and also for subgiants and giants if their turnover times
are longer than for dwarfs. The correction factors (log of the
ratio of convective turnover time for the larger stars to turnover time for dwarfs) applied were 0.15, 0.30, 0.45, 0.60, and
0.75 for luminosity classes IV-V, IV, III-IV, III, and II-III, respectively. These were determined empirically as a function of
luminosity class because ( 1 ) explicit calculations of turnover
times for evolved stars (subgiants, giants, bright giants) are not
available and (2) the interior structure is not accurately or reliably known individually for the evolved stars among the 357
in the sample.
A total of 277 stars had been used by Hall (1991a) and 357
by Hall ( 1994). Moreover, many very different types of stars
were represented in these samples: single stars and binaries,
stars as small as M dwarfs and as large as luminosity class IIIII, spectral types from F to M, rotation periods ranging from
0.27 days to longer than a year, synchronous and pseudosynchronous and nonsynchronous rotation, a range of tidal interaction from the maximum (contact or semidetached
binaries) to the minimum (single stars), evolutionary stages
including pre-main-sequence and post-main-sequence as well
as main-sequence, convection between very shallow and complete, and the Sun itself. All were found consistent with the
Ro = 0.65 threshold relation which was established, and no
one type of star or physical characteristic stood out as special.
This argues that Rossby number indeed is meaningful as a sole
predictor of solar-type surface activity, at least as manifested
by a high degree of spottedness.
The amplitude due to spots versus Rossby number relation
differs from some other dynamo surrogate parameter versus
Rossby number relations which have been found, for example
by Noyes et al. ( 1984). Spots seem to respond to a threshold
effect, with insignificant variability (defined as amplitudes less
than 0.01 mag) at Ro > 0.65 and significant variability
(maximum = 0.6 mag, median = 0.2 mag) at Ro < 0.65 with
no obvious increase (or decrease) in amplitude between the
threshold and smaller values down to Ro = 0.01. To our
knowledge, there is not yet a secure theoretical understanding
of such behavior. There does seem to be agreement that there
is a threshold requirement for hydromagnetic dynamo action
to be effective and that this threshold, if parameterized by
Rossby number, occurs at Ro ^ 1 (Noyes 1981). Less well
understood is the expected response of a star’s spot-forming
ability to the onset of effective dynamo action, although some
time ago Mullan (1973, 1974, 1975) suggested that large
starspots (those in the Ro < 0.65 domain) can be considered
as large convective cells penetrating through the entire convection zone of the star. Because convective zone depth is known
for a given star and because there is some expected diameterto-depth ratio, the diameter of these large spots could be predicted. For a few specific examples, Mullan (1974) calculated
expected spot radii of 25° and 30°, which would lead to starspot
amplitudes of about 0.25 mag and 0.35 mag in V. With a
deeper convection zone and/or a larger value for the diameterto-depth ratio, even the large 0.6 mag wave amplitude could
be accounted for. This picture of large spots corresponding to
deeply penetrating convection cells in combination with the
picture of a threshold for effective dynamo action would ac-
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count for the absence of any obvious increase or decrease in
starspot wave amplitude as Ro decreases smaller than the 0.65
threshold.
For each of our four spotted stars we know the spectral type
and the luminosity class. This lets us know the intrinsic B — V
color index and also the correction factor which must be applied to the Gilliland main-sequence turnover time. With the
correct turnover time in hand, the mean rotation period then
yields the Rossby number. The result is Ro = 0.53 for X And,
0.11 for cr Gem, 0.12 for II Peg, and 0.04 for V711 Tau, all
clearly beyond the Ro = 0.65 threshold. Thus, it is entirely
consistent that all four are well-known heavily spotted stars,
with photometric variability far exceeding the insignificant
0.01 mag level. Wave amplitudes in the V bandpass have
reached as high as 0.45 in II Peg, 0.3 mag in V711 Tau if allowance is made for the light of the companion star, 0.25 mag
in X And, and 0.15 mag in a Gem.
7.3. Differential Rotation as a Function ofRotation Rate
Hall (1991a) investigated 85 spotted stars, including the
Sun, for which the differential rotation coefficient k had been
determined by essentially the same technique we have used in
this paper. The unexpected result found was that differential
rotation is correlated with rotation period (rapidly rotating
stars approaching solid-body rotation) and also with lobe-filling factor (less differential rotation for stars which more nearly
fill their Roche lobes). A best fit was achieved with
log k =

2.02 (±0.12) + 0.79 ( ±0.06 ) log Prot
-0.42(±0.16)F,

(8)

where Prot is in days and F = Rstar/^rocheTwo of our stars ( X And and II Peg) were not included in the
Hall (1991a) study, and we now have newer parameters for the
other two (a Gem and V711 Tau). We take this opportunity
to redetermine the fit in equation ( 8 ). Three additional spotted
stars can be added: HD 191262 and HD 191011 ( Hall & Henry
1992 ) and HD 212280 ( Fekel et al. 1993 ). And newer parameters are available for three others: HD 106225 = HU Vir
(Strassmeier 1994), HR 7275 = V1762 Cyg (Strassmeier,
Hall, & Henry 1994), and HD 163621 = V835 Her (Hall &
Henry 1994b). This gives us a total of 90 spotted stars, still
including the Sun as one.
For all 90 stars we do, however, recompute values of k from
the observed AP/P using the procedure followed in this paper.
The difference, compared to the one used by Hall (1991a),
involves assuming that spots occur over a full 90° latitude range
rather than over a restricted 45° range. The resulting best fit is
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and then plotted log k versus PTOt in Figure 28. The slope of the
straight line represents the coefficient 0.76. The points corresponding to the four stars of this paper are indicated.
We wondered if differential rotation might be influenced by
some other factor, besides Prot and F. Residuals from the fit in
equation ( 9 ) mapped in a grid of spectral type versus luminosity class did reveal one possibly significant systematic effect.
The luminosity class V stars (except for the secondaries of unknown spectral type in the six dwarf novas) as a group had k
systematically larger by 0.3 ± 0.1 in the log compared to the
stars of luminosity class IV-V, IV, III-IV, III, and II-IH and the
dwarf nova secondaries. If this is significant, then one could
adjust the zero-point term in equation (9) to -1.90 for the
luminosity class V stars and -2.20 for all of the others. The
residuals (in the log of k) for our four stars then would be
-0.16 for X And, +0.16 for g Gem, -0.58 for II Peg, and +0.08
for V711 Tau.
The physical significance of the PVOX term and of the F term
were both discussed by Hall (1991a), and we add nothing here.
The systematic difference displayed by the luminosity class V
stars is a new effect, but we hesitate to offer a physical explanation for it.
7.4. Starspot Lifetimes
Hall & Henry (1994a) considered 112 starspots on 26
different spotted stars, including the Sun, and found that spot
lifetimes seem to be governed by two laws and that a given
spot’s lifetime will be the lesser of the two values generated
by those two laws. In the first law, based on disruption by the
shearing of differential rotation, lifetime is a function of the
spot’s angular radius, the star’s differential rotation coefficient,
and the star’s rotation period. In the second law, lifetime is a
function of the spot’s angular radius and the star’s linear radius. Their sample of observed lifetimes was represented quite
well by this two-part law, with an rms deviation less than 0.3 in
the log.
It is of interest to see how well the 53 lifetimes we have determined for the total of 54 different spots on our four stars

log Ä: = - 2.12(±0.12) + 0.76(±0.06) logPTOt
— 0.57(±0.16)F,

(9)

not much different from the Hall ( 1991a) fit. To display the
results graphically, we have removed the lobe-filling dependence with the relation
log k' = log /: + 0.51 F

(10)

lQ

g Prot

Fig. 28.—Differential rotation coefficient k, corrected with eq. (10),
vs. rotation period. The straight line represents the slope of eq. (9). From
left to right, the circled points represent V711 Tau, II Peg, a Gem, and X
And. The very rapid rotators approach rigid-body rotation.
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obey this two-part law. Only two of our four stars (X And and
a Gem) were among those 26 which Hall & Henry ( 1994a)
used to determine the two-part law, and moreover, the relevant
numbers they used were based on preliminary analyses different from the ones we present here. An informative way to display the test is to plot lifetime in years versus spot radius in
degrees, one plot for each star ( Figs. 29-32 ). The observed lifetimes and spot radii come directly from Tables 3, 6, 9, and 12.
The lifetimes are plotted as vertical line segments to represent
the range in their uncertainties. The two laws appear as intersecting solid curves, with the lower of the two (on either side
of the intersection) taken as applicable. Note that all parameters needed to compute the two solid curves as functions of
angular spot radius are known for these four stars: rotation period, differential rotation coefficient, and stellar radius.
Of the 53 spots considered here, 24 fit the solid curves within
their error bars or (where only lower limits to observed lifetimes were available) were consistent with them, 22 fell below,
and seven above. The fits could have been optimized (equal
number of points above and below) if slightly larger values of
k had been used in calculating spot lifetimes with the first law:
larger by 3 times for X And, 1.5 times for a Gem, 1.5 times for
II Peg, and with no change needed for V711 Tau. Strassmeier
et al. ( 1994) had a similar experience with HR 7275 = V1762
Cyg, finding that a k larger by 3.5 times would optimize their
fit, and suggested a restricted latitude range for the observed
spots as a reason for the apparent discrepancy. The same reason could reasonably apply for our stars as well.
7.5. Active Longitudes
There has been recent observational evidence that starspot
formation is restricted to regions of stellar longitude 180° apart.
That would be an indication that active longitudes form a longlived, rigid structure, in the form of quadrants which are active,
inactive, active, inactive. Note that it is the points of emergence
which are considered, i.e., the longitude where the spots first

Fig. 29.—Observed spot lifetimes vs. radius for the 11 spots found in X
And. The lifetimes and radii were taken directly from Table 3. The solid
curves represent the two spot-lifetime relations (Hall & Henry 1994a) calculated for X And and predict that spots larger than ~18° should have
lifetimes limited by the shear induced by differential rotation, while spots
smaller than 18° should decay before shear plays a significant role.
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Fig . 30.—Observed spot lifetimes vs. radius for the 16 spots found in a
Gem. The data were taken directly from Table 6. The solid curves represent the two spot-lifetime relations ( Hall & Henry 1994a) calculated for a
Gem and predict that spots larger than ~ 15° should be limited by shear,
while spots smaller than 15° should decay before being disrupted by shear.

appear. Differential rotation, such as it exists on the stellar surface, can cause subsequent migration in longitude which can
carry a given spot far from its site of emergence.
There has also been recent observational evidence that this
rigid structure, if the longitudes are defined with respect to the
line of centers in a binary system, remains stationary. That
effect would be termed preferred longitudes.
Recent reviews of both, the rigid structure itself and the preferred longitudes, have appeared in Hall ( 1991a, § 6) and in
Oláh, Hall, & Henry (1991). Moreover, a particularly dramatic demonstration of rigid structure (only) has been provided by the single spotted star FK Com ( Jetsu, Pelt, & Tuominen 1993). The similarity with the long-lived four-sector
magnetic structure in the Sun found by Svalgaard & Wilcox
(1975), and the long-lived structure of active zones (also 180°
apart in longitude ) found by Bai ( 1987 ) in a study of energetic
solar flares has been noted.
There is indication that rigid quadrant structure is manifested in all four of our spotted stars. The indication is, however, more convincing in some, less so in others. Table 13 presents the evidence. Column (2) lists the spots which emerged,
i.e., first appeared, within one of the two active quadrants.
Three very small spots in a Gem (B, I, and L) were omitted
from consideration. Column (3) is the total width, in phase
units, of the two active quadrants as defined by the total range
of their longitudes of first appearance. Column (4) is the longitude of the center of the two active quadrants. And column ( 5 )
is the longitude difference between those two centers. Phases
here are the same phases used elsewhere in this paper, for example, in the four migration curves. In the three synchronously rotating binary systems (a Gem, II Peg, and V711
Tau), they are orbital phases in which 0.0 and 0.5 correspond
to the two longitudes intersected by the line of centers.
The strength of the evidence for quadrant structure can be
gauged by two considerations. First, the widths of the active
quadrants should be relatively narrow, at least less than 0.25
phase units or 90°. By this measure, a Gem makes the strongest
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7.6. Magnetic Cycles

Fig. 31.—Observed spot lifetimes vs. radius for 11 of the 12 spots
found in II Peg. The data were taken from Table 9. The solid curves represent the two spot-lifetime relations (Hall & Henry 1994a) calculated for II
Peg and predict that spots larger than 20° should be limited by shear, while
spots smaller than this should decay before being disrupted by shear.
case, V711 Tau the weakest. Second, the two active quadrants
should be, in fact, opposite each other, i.e., nearly 0.5 phase
units or 180° apart. By this measure all four make fairly strong
cases, with separations between 0.43 and 0.49. We worried that
our model’s reliance on just two spots might introduce some
bias in this search for manifestations of a phenomenon supposed to involve just two oppositely situated longitudes. Some
protection against this bias is provided by the strict procedure
we followed in analyzing each migration curve, namely, considering only those few “points of first emergence.” Moreover,
it is reassuring that FK Com, cited above, has displayed two
oppositely situated active longitudes over an interval of 25 yr
but only one quadrant was active at any given time; that circumstance made it immune to any potential two-spot bias.
The preferred longitudes will be the longitudes of the two
active quadrants in each spotted star which occurs in a synchronously rotating binary. Preferred longitudes suspected in
previously investigated systems have not consistently favored
any one particular alignment. In V478 Lyr ( Hall et al. 1990b ),
they favored the two conjunctions (0.0 and 0.5). In RT And,
SV Cam, WY Cnc, and BH Vir ( Zeilik 1991), they favored the
two quadratures (0.25 and 0.75 ). In HK Lac ( Oláh et al. 1991)
and in UX Ari (Hall 1991a), only one active quadrant was
apparent in each binary, falling at phase 0.6 and at phase 0.95,
respectively. In VI149 Ori (Hall et al. 1991a), one quadrant
was populated by only one emerging spot at phase 0.8, the
other quadrant by five spots centered on phase 0.3, thus perhaps favoring the two quadratures.
With respect to our three synchronous binary systems, the
situation is similarly inconsistent. The two active quadrants in
a Gem are fairly close to the two conjunctions, off by ~0.06.
The two active quadrants in II Peg and the two in V711 Tau
are fairly close to the two quadratures, off by ~0.05 and by
~0.07, respectively. Because X And is an asynchronous rotator, we cannot define any preferred longitude with respect to
the stars’ line of centers.

There was a general review (Hall 1990) of periodicities,
manifested in a variety of different phenomena in a variety of
different types of stars, which fall in the range 10-100 yr and
might all be consequences of solar-type magnetic cycles: the 11
yr solar cycle itself; variable Ca n K-line emission in solar-type
dwarfs; variable mean brightness in chromospherically active
stars, old novas at quiescence, and dwarf novas between outbursts; alternating orbital period variations in Algol binaries,
W UMa binaries, cataclysmic binaries, and chromospherically
active binaries; occurrence of flares in flare stars; outburst interval in recurrent novas; changes in outburst interval in dwarf
novas; the high-low states in low-mass X-ray binaries like HZ
Her; and possibly alternating changes in pulsation period in
RR Lyrae and in Cepheid variables. The similarity in timescales suggested a common mechanism. Magnetic cycles had
been suggested previously for many of these but not all. For
several of them, there never had been an explanation. Encouragingly, cycle lengths predicted by dynamo theory are very
similar for most of these cases. It is still not established that the
same mechanism links all of these long-term phenomena in all
of these stars together, nor that it really is magnetic and therefore solar-like, but since that review there has been significant
progress in understanding the physics behind these long-term
cycles and their manifold manifestations (Hall 1991b; Applegate 1992). Changes in mean brightness, changes in surface
brightness, differential rotation, and orbital period changes
(when the active star is in a binary system) all have been linked
together.
In this paper we are presenting evidence for possible longterm cycles as manifested in four stars, so we take the opportunity now to update the case, by reviewing all stars which show
long-term cycles in mean brightness. In the Hall ( 1990) review
only in one star, CG Cyg, was the same long-term cycle length
manifested by two different diagnostics. In this update we find

Fig. 32.—Observed spot lifetimes vs. radius for the 15 spots found in
V711 Tau. The data were taken from Table 12. The solid curves represent
the two spot-lifetime relations ( Hall & Henry 1994a) calculated for V711
Tau and predict that spots larger than ~ 16° should be limited by shear,
while spots smaller than 16° should decay before being disrupted by shear.
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TABLE 13
Active Longitudes
Star
X And
<t Gem
II Peg
V711 Tau

Spots

Width
(phase)

Center
(phase)

A, B, C, E, H, K
D, F, G, I, J
C, E, H, J, M, N
A, D, F, G, K, O, P
A, D, F, H, I, J, K
B, C, E, G
B, D, E, F, G, H, J, K, L, M
A, C, I, N, O

0.30
0.26
0.18
0.19
0.27
0.18
0.38
0.31

0.06
0.57
0.07
0.54
0.24
0.67
0.34
0.80

there are now eight others as well, with CG Cyg’s cycle now
manifested by three different diagnostics. This is summarized
in Table 14, where each column is a different diagnostic and
each entry is the cycle length (in years) which has been observed. An overall difficulty in this search for long-term cycles
is the fact that such cycles surely are not strictly periodic, so
cycle lengths evaluated at different epochs, whether by the
same or different diagnostics, should not be expected to be exactly equal. In some stars the cycle may cease altogether, as it
did for the Sun during the Maunder minimum and for II Peg
prior to about 1945, so cycle lengths may not even be reliably
semiperiodic. Another, practical difficulty is that the time span
of observational material relating to some of the diagnostics is
not much longer than the approximately decade-long cycles
being sought.
The first diagnostic is long-term variability in mean brightness, usually in the F bandpass if based on photoelectric photometry or in a blue bandpass if photographic. We have already
stressed the importance of not being mislead by a shorter period, which probably relates to characteristic starspot lifetimes.
The measured lifetimes of the spots on our four stars, from the
values in Tables 3, 6, 9, and 12, averaged 2.4 yr for X And
(seven spots), 1.7 yr for g Gem ( 12 spots), 3.2 yr for II Peg
(eight spots), and 2.2 yr for V711 Tau ( 11 spots). The longterm variations in mean brightness, which we believe are real,
have significantly longer periods than these observed starspot
lifetimes (a factor of 5 longer on the average) and indicate a
fundamentally different timescale.
The second diagnostic is long-term variability in surface
brightness, as measured by B - V color index. There is the
same danger that one might be mislead by a shorter period,
related to characteristic starspot lifetimes. An additional problem is that, if the mean brightness changes entirely as a result
of changes in surface brightness rather than changes in stellar
radius, as Applegate ( 1992) says, then for stars around KO IV,
amplitudes in 2? - F should be only about one-fourth as large
as amplitudes in F. For our four stars, with the amplitudes
of the long-term variations in F only ~0.1 mag or less, the
anticipated amplitudes of only 0.02 or 0.03 mag in B — V
proved impossible to substantiate. Yet another problem is the
simple fact that long-term archival photometry in two bandpasses, needed for color index monitoring, is far less complete
than in a single standard bandpass like F.
The third diagnostic is long-term variability in the orbital

Separation
(phase)

period, when the active star is in a binary, and detection is practicable only when it is eclipsing.
The fourth diagnostic is latitude drift, the same long-term
effect which gives rise to the Sun’s butterfly diagram. This will
show up in spotted stars as a long-term cyclicity in the rotation
rates of the different large spots or spot regions. Any one spot
should not change in rotation period during its lifetime, because an individual spot does not drift in latitude, but successively later spots should show different rotation periods as they
emerge at successively different latitudes.
Some elaboration is needed to make the contents of Table
14 fully understandable. Entries for the four stars in this paper
TABLE 14
Long-Term Cycles
Star

< V) or (B)
(yr)

(B - V)
(yr)

a
XAnd
11.1 ±0.4
b
UX Ari
10 b
SS Boo
11.5
WYCnc ....
10b C
CGCyg
41 ±8
Yesb
VI742 Cyg ,
>15db
BY Dra
55
Yes6
DK Dra
>14bf
CC Eri
55
o-Gem
8.5 ± 0.3a
RT Lac
h
V350 Lac ...
>21.5
b
AY Peg
26 a
II Peg
11 ±2
V471 Tau ...
>23i
V711 Tau ...
16 ±b Ia
V833 Tau ...
50
XY UMa....
25-35j,k
a This paper.
b
Hall 1990.
c
Hall 1991b.
d
Strassmeier et al. 1994.
6
Pettersen,
Oláh, & Sandmann 1992.
f
Berrington
& Hall 1993.
ß
Hall & Busby 1990.
h
Crews et al. 1994.
' Ibanoglu etal. 1994.
j
Geyer 1976a, b, 1978, 1980.
k
Pojmanski & Geyer 1990.

P(orb)
(yr)

Latitude Drift
(yr)
11.Ia

Not eel.
Not eel.
50 ± 2C
Not eel.
Not eel.
Not eel.
Not eel.
Not
eel.
28b
Not eel.
Not eel.
Not eel.
24*
Not eel.
Not eel. k
25 or 37

>15d
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31g
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follow from discussion already provided. When the mean
brightness or other quantity did vary but did not execute one
complete cycle, the time span of the database is given as a lower
limit to the long-term cycle length. A “yes” entry in the (B V) column means the i? - V did vary and the epoch of maximum blueness did coincide with the epoch of maximum
brightness, as the Applegate (1992) theory prescribes. For
V471 Tau and XY UMa, the long-term cycle lengths given in
the jPorb column were interpreted, by the authors of the original
references given, as manifestations of orbital motion around a
third body; in our interpretation they are manifestations of a
long-term magnetic cycle. A long-term cycle in latitude drift
was not noted in the original reference for RT Lac, but we see
a 31 yr cycle in the values of the rotation periods of the eight
spots (Hall & Busby 1990, Fig. 1 ); the second spot defines the
first minimum, the fourth and fifth spots define a second minimum, and the eighth spot defines a third minimum.
After adding the results learned from our four stars and up-
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dating the situation since the Hall ( 1990) review, we find the
case for long-term solar-type magnetic cycles in other stars is
substantially strengthened, especially by the detection of
equivalent cycle lengths by means of more than one diagnostic,
in numerous different stars. The case is still based largely on
circumstantial evidence, and it has yet to be established directly that these various long-term cycles truly are magnetic in
origin.
We thank Sallie Bahúnas (CfA) for allowing us to use her
Ca il H and K observations of X And prior to publication. We
also thank Frank Fekel (MSFC) for useful comments on this
work and TSU student Rasha Nagarajan for help in compiling
archival photometry on these stars. This research was supported by NSF grant HRD-9104484, NASA grants NAG8-111
and NAG8-1014 to Tennessee State University and NASA
training grant NGT-40021 to the Tennessee Space Grant Consortium.
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